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Femtosecond quasiparticle relaxation dynamics and probe polarization anisotropy
in YSr,Ba,_,Cu,Og (x=0,0.4)
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Femtosecond pump probe experiments are reported on quasiparticle relaxation and recombination in
YSr,Ba, _,Cu,Og as a function of temperature and polarization. The data show a two-component relaxation
similar to YBgCu;O,_ 5, one component being associated with the superconducting transition, and the other
with the pseudogap beloW*. The relaxation timer, associated with the pseudogap is found toTbiede-
pendent, while the relaxation timg; of the component observed only beldw exhibits a clear divergence
nearT.. A strong polarization anisotropy of the picosecond transient is observed Beglauich is attributed
to the anisotropy of the probe transition matrix elements.
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Femtosecond time-domain spectroscopy is capable of givment of small changes in the optical reflectiviyR/R or
ing important information on the gquasiparticle excitationstransmittanceAT/T of the sample as a function of a time
and a low-energy structure of correlated electron systemglelay between the pump and probe pulses. In these experi-
and particularly highF. superconducting cupratésiTSC). ments, a Ti:sqpphire mode-locked laser, which operated at a
Measurements on YB&u,O;_ 5 (Y123) at different doping /8 MHz repetition rate, was used as a source of both pump
levels have shown two-component relaxation dynamics ond probe light pulses. The wavelength of the pulses was

the picosecond time scale, that was attributed to the simult£entered at approximately~800 nm(1.58 eV) and the in-

neous existence of two gaps in optimally doped and overl€NSity ratio of pump and probe pulses wad400:1. The

doped regiond.Moreover, similar two-component relaxation pump and probe beams were crossed on the sample’s surface,

. . where the angle of incidence of both beams was less than
dynamics has been thus far observed in several HTSC, 10°. The diameter of both beams on the surface was0

suggestmg this belng a general feature in these materlals.m and the surface was parallel taab-crystal plane. The
The magnitude and sign of the two components at temperg-

. ypical energy of pump pulses was 0.2 nJ (X2%° eV),
tures belowT, were found to depend on the mate_nal_, IorObewhich produces a weak perturbation of the electronic system
wavelengti? and also the effects of probe polarization de-

: : : Y€ with ~3x 10 thermalized photoexcited carriers per pulse.
pendencge were investigated on untwinned Y123 singleThe approximation is based on the assumption that each
crystals,® where a response parallel and perpendicular to thehoton createshw/A thermalized photoexcited carriers,
Cu-O chains was separately probed and found to be differenfynere A~40 meV is of the order of the superconducting
In some case$TI2201%, Bi2212) the signs of the different gap) The train of the pump pulses was modulated at 200
components observed in the relaxation were opposite. HowkHz with an acousto-optic modulator and the small optical
ever, the anisotropy of the photoinduced signal with respecthanges were resolved out of noise with the aid of phase-
to the probe pulse polarization has not been discussed isensitive detection using EG&G digital lock-in amplifier
detail thus far. model 7265. The pump and probe beams were also cross
The purpose of this paper is twofold. First, we show thatpolarized to reduce scattering of pump beam into the detector
the two-component relaxation behavior observed in Y123 igavalanche photodiogleA detailed description of the experi-
similar also in YBaCu,Og (Y124), and second, utilizing the mental technique and the theory of excitation and relaxation
fact that Y124 has a fixed oxygen content and a well-definef the photoexcited carriers in superconductors with different
untwinned orthorhombic structure, to probe the polarizatiorgap structures can be found in Refs. 11 and 12.
dependence of the photoinduced signal. The two Y124 samples used for this investigation were
We report on a systematic investigation of Y124 andprepared in Ztich by a nonstoichiometric flux-growth tech-
YBay ¢Srh.4Cu,Og (Y124:Sp using the usual femtosecond nique, using a BaO-CuO eutectic mixture as the flux. In the
time-resolved pump-probe technique. As discussed in detaffr-doped compound, part of the Ba was substituted with Sr.
previously:* a short(~80 fs) pump laser pulse excites the The crystals grew at a pressure of 900 bars and temperatures
carriers in the sample. Photoexcited electrons and holes withf 1000 °C to 1120 °C. So obtained crystals had a thickness
energies on the order of photon energy quickly thermalizeof ~100 um in the c-axis direction and the dimensions of
via electron-electron and electron-phonon thermalization0.4x 0.2 mnf. The crystal axis were determined by x-ray
reaching states just above the gap in a time short compareghalysis. Details of the growth method and the techniques
to the pulse duration. The gap in the density of states predsed for characterization of the samples are given in Ref. 13.
sents a relaxation bottleneck, and the relaxation of photoex- The photoinducedPl) reflectionAR/R as a function of
cited carrier density nedfg is measured through measure- time at different temperatures is shown in Fig. 1 for the
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FIG. 1. The photoinduced reflecticR/R from YBa,Cu,Og at
different temperatures above and beldw as a function of time,
measureda) with the polarization of probe pulse in the direction
parallel to the crystal axia and (b) parallel to(the direction of
chaing the crystal axi$. The inset shows the data at 28 K and 74
K already presented ife) on the logarithmic scale, so that a two-
component decay can be easily observed(dnwe show weak
oscillations of AR/R with frequency of 3.0+0.3) THz observed

aboveT, and attributed to a coherent phonon mode.
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FIG. 2. The relaxation timesg as a function of temperature)
for YBa,Cu,Og, with the direction of polarization of probe pulse

along a axis (open triangles and

b axis (squares and (b) for

YBay ¢SIh.4Cu,Og with the direction of polarization of probe pulse

alongb axis (squares

decay. Similar behavior abovE. has also been reported in
Ref. 5, where two components of opposite sign belgvand
one component slightly nonexponential abovgwere ob-
served on TIBa,CaCu;0,¢. Whether a stretch exponential

decay is relevant or the prese

nce of an additional component

is the reason for the discrepancy, we cannot assert with a
good degree of certainty from the present data.

In addition to the two picosecond components, a weak
oscillatory component with frequency of 8:00.3) THz can

also be seen abovE.. This is
oscillatory component of the
observed with pump-probe m
temperaturé?

shown in Fig. (c). Such an
same frequency was already
easurements on Y124 at room

We analyze the temperature dependences of relaxation
time 7¢ and of both amplitude&(T),P(T) in the same way
as was done previously for Y123The temperature depen-
dence of quasiparticle recombination time in a supercon-

ductor with a temperature-dependent ga{l) below T, is

described by equatidh

direction of polarization of probe pulse alorgaxis andb
axis of Y124. The chains are parallel to thexis and the PI

response in these directions clearly shows a presence of at
least two relaxation process with different signs\d®/R. At

temperature >T., we see a signal with a positiveR/R _
and with a relatively fast relaxation timerg=0.2 ps). As

E,

2

2N(0)[A(O

-1
)]2+eA(T)/kBT) ]

Tc=

the temperature is lowered beloly.,, a second component
with a longer relaxation time7z~2 ps) and negative sign
starts to appear. This kind of behavior of the two componentsvherew,,;, is a typical phonon frequench(0) is the density
is also present in PI response with the probe polarizatiowf stategDOS), I, is a characteristic phonon linewidth, and
alonga axis, which can be clearly seen, if data are presented(0) is the value of the gap @ =0 K. In Fig. 2 we show
on a logarithmic scale as in the inset of Fig. 1. The relaxatiordivergent behavior nedr. in the temperature dependence of
of AR/R after 200 fs can be modeled with a function of the 75, predicted by Eq(1) (solid curve. The data points were

form AR(t,T)/R=G(T)exp(—t/7g)+P(T)exp(—t/7p), where
the temperature-dependent amplitude€l’) [G(T)=0 for

obtained from the fits of the

, (@

120, [A(T))?

time evolution &R/R for

Y124 along thea and b axes and for Y124:Sr along tHe

T=T.] andP(T) can have the same or opposite sign belowaxis. In the fits we have used the following values of param-
T., depending on the polarization direction of the probeeters in Eq.(1) w,,=400cm?*, T',=10cm*, N(0)
pulse. Fits that are presented by a continuous line in Fig. =5 eV ! cell" ! spin', and a BCS functional form for
are in a good agreement with the data. We note that abgpve the temperature-dependent gApT). The fitting parameter
the data show a slight departure from a simple exponentiaivas A(0).
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FIG. 3. (a8 The temperature dependence of photoinduced
amplitudesG(T) for Y,BaCu,Og, measured with the polariza-
tion of probe pulse along axis(circles andb axis (open triangles
and for YBa ¢S 4Cu,Og with the polarization alongb axis
(squares The values ofA (0) obtained from the fits are also shown.
(b) The photoinduced amplitude®(T) for YBa,Cu,Og and
YBa, ¢S1,..Cu,Og as a function of temperature, measured at the
same polarizations as i@). We also report on the obtained values
of A,. (¢) The polarization dependence of photoinduced amplitude%
G(T=45 K,6) and P(T=45 K,#) for YBa,Cu,Og, together with
the polarization dependence given by E§). (solid line).
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FIG. 4. The four possible transitions, which can give rise to a

hotoinduced probe signal arising from a change in quasiparticle
opulationAn. If the transition probabilities do not cancel a non-

zero photoinduced reflectivity transient is observed. The polariza-
tion anisotropy of the probe signal arises due to the transitions

. having different probabilities in different directions relative to the
In Fig. 3 we compare the measured temperature deper&—rysta| axes. Note, the scheme is drawnTer0 K.

dence of the signal amplitud&(T), P(T) with those pre-

dicted by the theoretical expressidhfor BCS temperature- the main contribution to the probe signal comes from inter-

dependent gap

band resonance transitidrthat involves atomic wave func-

tions in which the dipolar matrix elements have a fourfold

G(T)= E/[A(T) +kgT/2] rotational symmetry around the axis. Without specifying
2v exactly which transitions are involved, we can write the ab-
1+ V2kgT/mA(T)exd — A(T)/kgT] sorption coefficient in terms of the Fermi-golden rule,
N(0)7 Q)
2

and for temperature-independent gap

a%f deN(e)N(e+ w)|M(€,w)|*f(e)[1—f(e+ w)].

P(T)= Ei/Ap 3) Here, N(€) is the density of electronic stateB(e) is the
2v ' distribution function for holesiw is the energy of the probe
1+ N(o)ﬁgcexq_AP/kBT] photons andM (e,w) is the dipole matrix element for the

_ _ ~transition. For small perturbation4R is proportional to the
In the fits we used=18 for the number of modes interacting photoinduced absorptiofie, so:

with quasiparticles().=0.1 eV for a typical phonon cutoff
frequency andN(0)=5 eV ! cell spin'! for the DOS.

The agreement between the data and the theory is seen to be

very good.

ARanocjdeN<e>|M<e,w>|2<f'<e>—f<e>], @

In Fig. 3(c), we show a polarization dependence of bothwhere f'(¢€) is the nonequilibrium distribution function of
amplitudesG(T,0) andP(T,#) for Y124 atT=45 K. P(T) the charge carriers. The integral is taken in the vicinity of the
does not show any polarization dependence, which was aldeermi energyEr over the width of the resonantand we
confirmed by polarization measurements ab@ye In con-  assumed for simplicity thall(e+ ) is constant within the
trast, the polarization dependence®(T) shows a signifi- resonance width.
cant angular dependence, exhibiting a change of sign as the If M(e,w) is constant over the whole range of energies
polarization direction is changed from parallel to perpendicu—#w<e— Eg<fw, thenAR=Aa=0 because of the con-
lar to the Cu-O chains. servation of particles. In other words, the photoinduged

This angular dependence can be understood in terms afeasein absorption, due to probe transitiondsee Fig. 4
the anisotropy of the probe transition matrix elements. Weoriginating from the photoexcited electron stateseatEg
first note that in spite of the fact that Y124 is orthorhombic,= A just above the gap to unoccupied hole states-aEf
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~hw+A, exactly cancels thelecreasan absorption due to ropy of the probe transition matrix elements, &) unfor-
transitions 2 originating from occupied electronic states afunately does not give any direct information regarding the
e—Er=—A just below the gap to unoccupied stateseat anisotropy of the Iow-e_nergy electronic gap structure. In Fig.
—Er~fhw—A. The same is true for the hole transitions 33(C)' we plot the polarization dependence of photoinduced
and 4(see Fig. 4 reflectivity amplltu_de given by E_q.(6) using Yxl vy
Turning to tﬁe.situation in hand, we assume Mk, o) is =35/(—10), which is shown to describe the main features of

the data quite well, despite the fact that KE6). is based on

not constant and proceed to derive an expression for the p e oversimplified expansion of the matrix elemefe
larization anisotropy of the probe absorption. The generazg)]—neglecting higher-order terms '

expression for the square of the dipolar matrix element can “ap ajterative model discussing carrier relaxation dynam-
be written as ics in HTSC has been recently proposesvhereby the main
2 212 . 2 contribution toAR/R in the region atw~1.5 eV comes from
IM(e)|*= Mx(e)smz( o)+ My(e)co§( 0, spectral weight transfer in the real part of the optical conduc-
where 6 is the angle between polarization of light and the tivity o(w) from w=0 to w~A. SinceAs is always positive®
axis. For an orthorhombic structuh,#M,. On the other the sign ofAR/R is determined by the real and imaginary
hand, the main contribution td which comes from atomic part of the dielectric constastat w~1.5 eV(Ref. 15. Using
wave functions is independent éf so we can expanifl in the published values af (Ref. 16, we find that the proposed
the vicinity of the Fermi energy and express matrix elemenmodel”® gives exactly the opposite sign aR/R (as a func-
in the form tion of probe polarizationas observed expermentally.
In conclusion, the femtosecond relaxation dynamics in
My, y(€)=Mo+ yx y€, (5 Y124 is found to be very similar to that reported previously
in Y1231 The results are also consistent with time-resolved
terahertz spectroscopy measureméhtsywhich directly
dirobed the recovery of the condensate after photoexcitation,

where y, ,=dM, ,/de and the derivative is taken at the
Fermi energy. Substituting this expression into &), we
obtain a qualitative description of the angular dependence

the probe signaG(6) and P(6), both _agr_eeing well with the modé:f.The observed pr_obe _
polarization dependence and sign change of the transient sig-
ARx A ax M y,Siré(6) + 7yc052( 6)]An. (6)  nal belowT, is described well by a model that considers the

anisotropy of the probe transition matrix elements in Y124,

Here, An is the number of photoexcited quasiparticles, as,q js not directly related to the symmetry of the order pa-
described in Ref. 12. The values f , can be doping de- o ater.

pendent and can easily have different signs, depending

strongly onw and the material’s band structure in the vicin-  The authors would like to acknowledge A. Mironov of the
ity of the resonancee—Eg~fw=*A. However, since the Chemical Department, Moscow State University for single-
probe polarization anisotropy is a consequence of the anisotrystal x-ray investigation of the samples.
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