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Carrier-relaxation dynamics in intragap states: The case of the superconductor YBg&Cu;0,_ 5
and the charge-density-wave semiconductor }K;MoO4
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The unusual slow carrier relaxation dynamics—observed in femtosecond pump-probe experiments on high-
temperature superconductors and recently also in a charge-density-wave system—is analyzed in terms of a
model for relaxation of carriers in intragap states. The data on,¥B#D;_; near optimum doping and
Ko3M0O; are found to be described very well with the model using a BCS-like gap which clo$gs Btom
the analysis of the data we conclude that a significant intragap density of localized states exists in these
materials, which can be clearly distinguished from quasiparticle states by the time-resolved optical experiments
because of the different time and temperature dependences of the photoinduced transmission or reflection.
Localized charges are suggested to be the most likely origin of the intragap states, while the similarity of the
response in the two materials appear to exclude spin and vortex excitations.

I. INTRODUCTION II. THEORETICAL MODEL

. . . . As the name impli mp-pr r involv
Photoinduced absorption or reflection spectroscopy using, s the name implies, pump-probe spectroscopy involves

f dl : all tul tool for th e excitation of the material by an ultrashort pump laser
emtosecond lasers Is potentially a very powertul tool for thej, jse and the subsequent measurement of the resulting

study of the electronic structure of superconductors and r€spangein optical absorption, transmission or reflection of the
lated materials. I}ecent pump-probe experiments on cupralgymple caused by photoexcited charge carriers. As photons
superconductofs® and some other materidifiave Shown  from the pump laser pulse are absorbed, they excite electrons
that a photoinduced change in absorption or reflection can bgnd holes in the materidisee schematic diagram in Fig.
observed at low temperatures and especiallylfarT.. The  2(a)]. These particles release their extra kinetic energy by
effects are believed to be caused by excited-state absorptiggattering amongst themselves and with phor{step 2 in
of the probe pulse from photoexcited quasiparti@P)  Fig. 2(a)]. This energy relaxation process is very rapid and
state$ and theoretical analysis of the response was found tthe particles end up in QP states near the Fermi endggy (
be in good agreement with experimental data ornwithin 7,=10-100 fs' Subsequent relaxation is slowed
YBa,Cu,0;_ 5 over a wide range of dopirffHowever, in  down by the presence of the gap and a relaxation bottleneck
addition to the QP response which occurs on the picosecond
and subpicosecond time scale, a distinct slower response we
also consistently observed in YBauO,_s (YBCO)2
Bi,Sr,CaCyOg (BISCO), and BLY,Ca_,SrCw0g,° and
more recently in the charge-density-wa@DW) quasi-one-
dimensional Peierls insulator,gMoQj3.° It was thought to
be of nonthermal origiridetailed analysis is given in Ref) 6
and occurs on a time scale of s or longer(see Fig. 1 for
detail9. Its anomalousT dependende— which is qualita-
tively different from theT dependence of the fast QP recom-
bination dynamics — led the authors to the suggestion that
the signal is due to localized states near the Fermi energy
However, the processes involved were so far not discussed il
any detalil. . L . L . L
In this paper we examine quantitatively the photoinduced 0 . 5 10
absorption(or reflection from localized intragap states. We Time [ps]
develop a theo_retlcgl model fqr two dlff(_arent Casé_t_};:the FIG. 1. A photoinduced transmission sigmal /T as a function
case of a material with a BCS-like collective gap, @nglthe of time t after photoexcitation in YBZCUO; 4(T.=90 K) taken

ca;e of aT-independent gafsometimes called a pseudo_gap at T=80 K (pointg, together with the fit(solid line). (1) is the
which exists abovd .. We compare the model predictions p,celine signal with no pump applie@®) is the long-lived signal

with the available data on the temperature dependence of thfeup remaining from previous pulse®) (dashed lingis the sig-
photoinduced relaxation on the nanosecond time scale in tWgg| due to QP recombination, and) (dotted ling is the long-lived
different materials, both of which are generally thought tosjgnal remaining after all the QP signal has decayed. Signal pileup
have a low-temperature gap: YBau;O06o(T,=90 K) and  contribution and the single pulse contribution to the slow photoin-
K.aM0O;5 (T,=183 K). duced signal are given b& anda,, respectively.

- AT/T [107]
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V4 FIG. 2. (a) The pump-probe
% optical diagram.1 represents the

3 pump pulse exciting charge carri-
ers into a higher-lying ban@ the

Y Vo e carriers rapidly relax their energy

m m

-

mn

""" A to states near the Fermi energy.
/E B represents the probe pulsd) A
; schematic diagram of the terms
2 L contributing to the relaxation of
2A I intragap states in a superconductor
with a gap 2. In the case of a
m CDW gap, thee—h pairs take the
place of Cooper pairs, so the rate
a) b) equation remains the same.

is formed. From pump-probe photoinduced transmission extocalized states and the dependence is mainly determined

periments in YBCO(Refs. 1 and #and BISCCP the relax- by the occupation of the intragap states.

ation times of the photoexcited QP’s were found to be in the Since the relaxation time, is long in comparison with

rangerqp=0.3-3 ps. Top @nd phonon relaxation times, we assume that phonons
In addition to the picosecond transient, the signal onand quasiparticles can be described by equilibrium densities

nanosecond time scale has been consistently observed My, and N, respectively. For the relaxation of the localized

HTSC2®%!and recently also in quasi-one-dimensional CDWcarriers we apply arguments similar to those originally pro-

insulator K, sM0O3.% In Fig. 1 the photoinduced transient posed by Rothwarf and TaylérThe rate equation for the

taken on YBCO aff =80 K is shown(squares After pho-  total density of localized excitatiorns, is then given by

toexcitation (=0) the signal relaxes within 10 ps to some

nonzero value, that can be represented by the constant on the dN,_ , ~

100 ps time scal.The lifetime of the slow componen, i = RNC=yNLEyN+BN,,. 2

cannot be directly measured, since it appears to be longer

than the interpulse separationtpf=10-12 ns. This results The first term in Eq(2) describes the recombination of two

in the signal pileup due to accumulation of the response fronfycalized excitations to a Cooper pair with a recombination
many pulses. The magnitude of this piledp,given by the  rateR. The second and third terms describe the exchange of
difference in the signal amplitude when the pump pulse isyn electron or a hole between the localized and quasiparticle
unblocked(2), and zero signal, when the pump is block&ll  states with densitN, andN, respectively, and with a rates

T e, e b s s 717200 AENGT hereAE s he energy bairbetueen
ence betweg |(14)pan 42 0 trapped carriers and q'uasipartié‘l('afhe Ias'F te_rm describes
Assuming — for simblicity —_ that relaxation of the sig- th.e spontaneous creation of localized excitations by phonons
nal is exponential, we can write an equation for the stead with a relaxat|0|_’1 ratq@. T_he four processes in E¢2) are
state amplitude\: ’ shown schematically in Fig.(B).
' Assuming the ansatz foN, =N, o+n,, where N, is
equilibrium density of localized particles angd is the photo-
induced density created by the laser pulse and taking into
A:aonzo exp—nt/m)=ao/[1-exd—t/m)]. (D zecount thaN,, andN are given by their equilibrium values,
we can rewrite Eq(2):

Usually, A>ay and we can expand the exponent in the de-
nominator of Eq.(1), to obtain 7, =t,(A/ay). From the dng
experiments® it appears that,>10"" s. This is long in dt
comparison with the phonon relaxation time and with the
phonon escape time from the excitation volume into the bulkThis equation is sufficiently general that it can be applied to
or thin-film substrate, which is typically 13° s, so we can different superconductors and different gaff=or the case of
ignore phonon escape effects and discuss only intrinsic rea CDW gap, the Cooper pairs are replacedebyh pairs) In
laxation processes. this paper we considér) a superconductor with a BCS-like
The process giving rise to the actual photoinduced opticajap (which can also be used in the case of a gap formed by
signal from intragap states is shown as step 3 in Fig).2 a CDW) and(b) a Bose condensate of preformed pairs with
Here we do not discuss the optical probe process in detaif T independent gap. In the latter case, the gap is better
but make the very general assumption that the photoinducetbnsidered as an energy-level splitting between paired and
changein sample transmissioAT/T or reflectionAR/R is  unpaired states, and the main difference is that the gdp is
proportional to the photoinduced density of localized statesndependent and exists aboVg. A general exact solution to
populated by the laser pump pulse. The photoinduced sign&g. (3) is given in the Appendix. Next we consider the lim-
AT/T (or AR/'R) is then proportional to the number of filled iting behavior at lowT and neafT, .

o]
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In the case of a collective BCS-like gapy(T), the re-  n (t)=n (0)exp(t/7), where 1#=[2R(T)N o+ y]. For

combination rate belowW is to the lowest order idg pro- T T, the temperature dependence of the photoinduced
portional to the square of the order paramé&té: signal amplitude is then given by

R=a[A«(T)/Q]% (4)

wherea is a constant, anf . is the phonon spectrum cutoff
frequency[Above T, all recombination processes disappear
as Ay((T)—0.] To relax the carriers in localized intragap Thus the predicted amplitude of the signal increases with
states via quasiparticle statftse termyn, in Eq. (3)], an  "créasingT up to T, and drops to zero abovk,. )
energy of the order oA is required and so this process is In the case of a'—lndepen(jent gafor “pseudogap) A. '
exponentially suppressed at low temperatures. The term préf‘-’e assume that the gap exists at all temperatures. Since the

portional toN, o is also small at low temperatures, becausedaP does_lr_mt Clc?s.e a ’dth?‘ Iréaczmbm?]tmn rate doesd?ot 90
the number of thermally excited localized excitations jst0 zero afT and instead of Eq4) we have a constart.

small as[kgT/A(0)]*, whereu depends on the density of However, belowT, the presence of the condensate may

localized states. Therefore, for analysis of the relaxation oft\SC have an effect on the recombination of localized excita-

localized excitations at low temperaturEs<T,, we retain tions. In general, the relaxation rate is a function of the order
(o]
only the first term in Eq(3) giving a solution of the form

7Ngp(T)

|AT/T|=n,(0)= —
[2NLoR(T) + ¥]t,

(10)

parameter. To take this into account, we can expand it in
terms of even powers ok. NearT. the order parameter is
n (t)=n,(0)/[n (0)Rt+1]. (5) small and we can keep only the lowest powenh ' If we
assume that the order parameter exhibits mean-field behavior
To obtain the stationary solution for a repetitive laser(A«\1—T/T.), then
pump pulse train excitation, we use the condition that the _
total number of localized excitations that recombine between R=a(1-T/T)+T, (11
two laser pulses should equal the number of localized exc

; . Where% is phenomenological constant which describes the
tations created by each laser pulse:

dependence of the relaxation rate Brbelow T, which in
N, (0)—n, (0)/[n; (0)RL +1]= mn.n(T), 6 general is not equal to O.

LO)=n (01 L(_ JRE+1] 7]_ _ph( ) _( ) A slightly different expression foR is obtained if we
where > yrqp=75'/A(T) is the probability of trapping a assume that the recombination rate is dependent on the pair
QP into a localized state amghp(T) is the number of photo- momentum in the condensate through the kinetic energy. To
induced QP’s at temperatufiecreated by each laser pulse. illustrate this, we write the recombination rate Bs=T',

Since the number of photoeX(_:ited carriers is typically small, T \vherel is the momentum averaged recombination rate,
compared to the overall carrier densijnop<ni (0), We  4nqT is the recombination rate for pairs with=0. The

can estimate, (0) as recombination rate is generally proportional to the number of
non(T) pairs in the condensate,. For Bose condensation this is
n (0)= \/ng—i’_ (7)  given byn,x[1—(T/T,)¥?], and we thus obtain a formula
T

for the total relaxation rate which is similar to Ed.1), but

As a result, combining Eq$4) and(7) we get an expression With a different temperature dependence in the first term:
for the T dependence of the photoinduced transmisgmm

reflection amplitudeat low temperatures R=(To—)[1—(T/T)¥+T. (12
nop(T) Q In principle the two case€ll) or (12) can be distinguished
|AT/T|cn (0)= [Qrt 1) Ptc , (8) by measurements of the dependence of the photoinduced
at,  A(T) transmission or reflection beloW,, although the difference
wherengp for a BCS-like case is given By will be very small and very high quality data is needed to do
this.
Nop(T) To obtain the photoinduced signal amplitude, we substi-
tute Eq.(11) into Eq. (3):
E(AL(T)+kgT/2) -
= . vn
1+[2vIN(0)EQ ]2k T/ A (T)exd — A(T)/kgT] |AT/T|=n,(0)= \/~ oF . (13
(9) {a[l_(T/Tc)B]+F}tr

Here & is the energy density deposited per pulseis the  where 8 is a constant{generally 1 or 3/2 and nép is the
effective number of phonons per unit cell involved in the equivalent of formula(9) for the case of a temperature-
relaxation process and(0) is the density of states at the independent gab:
Fermi energy in units eV* cell! spin 2.

NearT., when the number of thermally excited localized ) E, /AP
carr_le_zrs. becomgs comparable gr larger than numbvir of non- Nop 1+[2v/N(O)ﬁQC]exp(—A”/kBT)'
equilibrium carriers, the relaxation term&®|, on, and yn_
become dominant, and the solution to E8). has an expo- In contrast to the BCS case, expressib8) is nonzero above
nential rather than a power law time dependence of the fornT, and reduces to

(14)
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Vn(’zp
|AT/T|ocn (0)= Tt (15

r

-

which implies that the photoinduced absorption signal should
remain observable well abovig, and should reveal the pres-
ence of a pseudogap if it exists.

Just as before, a crossover to exponential time relaxatior
takes place when the number of thermally excited excitations
become large and the second term in E).becomes domi-
nant, i.e.,T~AP, leading to a linear intensity dependence of
|AT/T| given by modified Eq(10) with ngp andR from Eq. O 20 20 80 80 Too iz0 ia0  Teo
(12). Note that this crossover may occur at higher tempera- Temperature [K]
tures than experimentally measured sifiedependent gap
is typically AP>300 K.

AR/R [norm.]

IIl. COMPARISON WITH EXPERIMENTAL DATA

The temperature dependence |&fT/T| or |AR/R| for
optimally doped YBaCu;O,;_s (Refs. 2 and 11 and for
Ko aM0oO; (Ref. § is plotted in Figs. 8) and 3b), respec-
tively. In both compounds the signal amplitude increases
with increasing temperature followed by an abrupt drop
aboveT.. Now we compare the predictdddependences of ,
|AT/T| [Egs. (8) and (10)] with the data. The parameters "o 100 200 300
used in the fits are the same as previously used in the analy Temperature [K]
sis of the fast relaxation componénwith values of dimen- 1.0f ' '
sionless constantiZN(0)% Q=30 for YBaCuw,O;_ 5 (Ref.
4) and=10 for K, 3M00,.° Since the magnitude of the gap
is of the order ofA;(0)~5kT, we expect that Eq(8) is
valid up to temperatures close Tq. In Figs. 3a) and 3b)
we show the calculated temperature dependencés OfT|
using Eq. (8) in comparison with experimental data for I
YBa,Cu;0;_ s and Ky sMoOg, respectively. We would like /
to stress that Eq8) is independent of the shape of density of [ wr=100 _.~
states(DOY9) of localized states within the gap and shows a e
universal temperature dependence. It can be seen from Fi¢ .0 s - - s
3(b) that at low temperature there is deviation of the calcu- 0.0 0.5 1.0 1.5 2.0 2.5
lated curve from the experimental points. To explain this T,
effect we should remember that E¢) for the rateR is valid

nearT. where A (T) is small. [If we add next — fourth- . i )
order — term in the expansion & in powers ofA(T) we absorptl_onl from dloca]['zed St?ées. 'nl Y&ﬁoﬁg f%kﬁn from Rlef‘ 2f
t for this discrepanty (open circ es an, Ref. 11(solid circles. The solid line is ap oto
can accoun . ) expressior(8) with A.(0)/kgT.=5 whereas the dashed line repre-
NearT, Eq. (8) fails and Eq.(10) should be usedsee, sents a general solutidiEq. (A3)] with nonzeroy term and addi-
also, the Appendix It leads to a crossover from square-root 9 ta. Iy v
intensity dependence OAT/T| at low T described by Eq tional fourth-order term in the expansiéhin powers ofA(T). (b)_ _
3 i . itv d d dicted bv E " The temperature dependence of the photoinduced reflection in
(8) to linear intensity dependence neBy predicted by Eq. Ko 3MoO; from Ref. 5(open circles compared with the model fit
(10)" _ ~ ' using Eq.(8) with A.(0)/kgT.=4.8 (solid line). The general solu-
Finally let us discuss the effect of In Figs. 3a) and 3b)  tion [Eq. (A3)] is represented by the dashed lit@. The calculated
fits to the data using the general solutipq. (A3)] are  temperature dependence of the photoinduced absorption from local-
shown with dashed lines. In these fits we have also added thieed states in case of-independent pseudogap E(L3) with
fourth-order term in the expansion Bfin powers ofA.(T).  AP/kgT.=8 and differenta/I" ratios.

As can be seen from these fits the effectyobecomes im-
portant nearT. by cutting the divergence diAT/T| asT  aboveT.. This effect is due to temperature dependence of
—T.. nép controlled byT-independent pseudogap abadvg.

In Fig. 3(c) we have plotted calculated values|afT/T| In cuprate superconductors there is spectroscopic evi-
«n (0) for the case of temperature-independent pseudogagience suggesting that there is a significant density of states
(which might be applicable in underdoped cuprates, for exin the gap possibly extending to the Fermi level, which is
ample as a function of temperature for different values of often attributed to ad-wave gap symmetry. However, by
parameter using Eq.(13). As can be seen from Fig(@®, in  normal spectroscopies it is difficult to determine if the states
this case slow relaxation via localized states is present alsm the gap are QP states or, for example, localized states.

AR/R [norm.]

05F  ar=10 ..~

AR/R [norm.]

FIG. 3. (&) The temperature dependence of the photoinduced
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Time-resolved spectroscopy can answer this question ratheeader is referred to Ref. 12 for a review. However, the fact
effectively because of the different time- and temperaturethat the signals in KsMoO; and YBaCu;O,_ 5 are very
dependences of the QP’s and localized carrier relaxations. #imilar appears to rule out both spin excitations and vortex
was argued that in the presence of impurity scattering QRtates, leaving localized charges as the most plausible origin
DOS in thed-wave state remains finite at zero enetfy. of the intragap states.
Recently it was proposédthat the quasiparticles in the su-
perconducting state may become strongly localized for short IV. CONCLUSIONS
coherence lengthd-wave superconductors. However, this )
statement has been questioned by Balatsky and S&fkotd To conclude, the calculated time and temperature depen-
remains controversial. On the basis of available experimentglénce of the photoinduced absorption for the case of a BCS-
data we cannot make any definite conclusion alooigfin of like gap is found to be in good agreement with experimental
intragap localized states. data from femtosecond time-resolved spectroscopy on the
We can, however, estimate the density of the intragaguPrate superconductor YBauO;_ 5 near optimum doping
states from the available data by assuming that the optic@nd the charge-density-wave insulatog JK10O;. We find
probe procesgstep 3 is similar for excited state absorption that time-resolved spectroscopy can very effectively distin-
from localized states and for QP’s. Both optical probe pro-guish between QP states and localized states in the gap. A
cesses involve allowed transitions to the same final &ate rather surprising feature of the data is the remarkable sepa-
and so this assumption is not unreasonable. From typicdftion of the QP response on the femtosecond time scale and
photoinduced reflection data for YBC@s in Fig. 3, we the slow response of intragap state relax_at|on on the sc_ale_ pf
find that approximatelyAT/T| =|AT/T|qp, implying that hund_reds of nanosgconds. In both .mate_rlals we find a_S|gn|f|-
alson_ (0)=ngp. From this we can conclude that the den- cant intragap density of states, which displays very different
sity of intragap states isomparablewith the density of QP  time dynamics and” dependence than the QP states above
states. This observation has important implications for théhe gap.
interpretation of frequency-domain spectroscopies, since it
suggests that the spectra should show a very significant in- ACKNOWLEDGMENTS

tragap spectral density due to localized states, irrespective of The authors wish to acknowledge the ULTRAFAST net-

the gap symmetry. . ;
. . . o work and the Ministry for Science and Technology of Slov-
Assuming that the optical transition probability of the enia for supporting part of this work.

probe pulse is the same for QPs as for the intragap states,

from Eqgs.(8) and(9) we obtain
APPENDIX

[AT/T|.  n T

|AT/Tlqp Nop &’ N /
where|AT/T],, is the photoinduced transmission due to the n ()= —2 exp—t T)_
QP’s. From Fig. 1 typicallyn, /ngp=0.1-1 and using a 1-Cexp(—t/T)

pulse repetition rat¢, = 12 ns and withr, =100 ns, we o0 140N (R+7. ConstantC can be found from the
obtain an estimate of the trapping probability for carriers byfollowing equation[see also Eq(6)];

localized states ofy=0.1-1. This estimate should be con-

(16) Analytic solution of Eq.(3) has the form

(A1)

sidered as an upper Iimi_t of;_ since We_do not take into N (0)—n(t)=7Ngp. (A2)
account the differences in dipole matrix elements for the o ) ) )
transition between localized and QP states. Combining these two equations one obtains the following

A detailed discussion of the origin of the localized in- form forn (0):

tragap states in the cuprates should be deferred until more ~
systematic data as a function of doping is available, and we ~ NL(0)=Nio(1+ ¥/2RN,o)

only mention some of the most likely possibilitigs) local-

ized states associated with the inhomogeneous ground state « \/1+ 7Nqp ~1|. (A3)
of the cupratesstripes,’ (i) intrinsic defect statejii) lo- NZo(1+7/2RN, o) 2Rt, '
calized QP states id-wave superconductd?,and, possibly, . ] ) 5
(iv) holons® In K, MoOs, the nature of intragap excitations This solution  reduces to Eq.(8) if 7nop/Nio(1
has been a subject of extensive study over the years and they/2RN,,)?Rt,>1 and to Eq(10) in the opposite limit.
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