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Evidence for two coupled subsystems in the superconducting state of ba Sr,CuO,
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We used a pump-probe technique to measure the transient change of optical reflectivity of both
La,_,SrCuQ,, of various dopings, and slightly underdoped ¥8e50,_, and NdBaCu;0;_, thin films. For
the Lg_,Sr,CuQ, films, our data demonstrate the coexistence, in the superconducting state, of two coupled
subsystems with different relaxation times and different contributions to the optical reflectivity. One subsystem
is associated with the superconducting phase. By contrast, the data fropC%Ba_, and NdBaCu,0;_
shows that the coupling between the two subsystems is weak or absent.
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For cuprate superconductors, the nature of both supercotight source was a Ti:sapphire laser at a wavelength of 800
ducting and normal states continues as a major challenge tum and an 80-MHz repetition rate. We determined the pump
condensed-matter physitsSeveral studies demonstrated pulse width to be 100 fs, and the probe pulse width to be 56
that ultrafast optical spectroscopy provides important, thougfis giving an overall temporal resolution of 120 fs. We deter-
sometime controversial, insights into the properties of two-mined the pulse widths using second harmonic generation
layer cuprated:° In this paper we present femtosecond from ab-BaB,O, crystal. For each type of sample, we mea-
pump-probe measurements on single-layep_L&r,Cu0,  Sured the change in optical reflectivity versus delay time be-
and double-layer YB£u,0,_, and NdBaCu,0,_, cuprate tween pump and probe pulses. Our instrumental limit for the

films grown on SrTiQ(100. Our main results are the fol- smalle75t observable change in optical reflectivity is 2
lowing: (1) In the double-layer cuprates, the reflectivity in- <107, as determined by systematically reducing the laser

creases during the pump pulée100 f3, and reaches a power on a photodetector by using neutral density filters of
maximum in less then 300 fs: relaxation begimsnediately known attenuation. The maximum fractional change in the

afterwards' In contrast, the decay of the reflectivity signal transient optical reflectivity varied from-3x10°* to

) . ~1.2x10 *, depending on sample and temperature. All data
In Lay_,SKCuQ, is delayed by as long as 1.4 ps. We present, o peen repeatedly reproduced. We took great care to in-

a m_odel showing that su_ch an unusually delayed relaxatio, e that the laser power was kept quite low so that we only
originates from the coexistence of two coupled subsystemgeakly perturbed the system. We used average laser power
Wl_th dl_fferent optical propert_les and dynami¢g) T_he relax-_ of 10 mW, and the illuminated spot on the sample was ap-
ation time for Lg_,Sr,CuQ, in the superconducting state is proximately 60.m in diameter. This corresponds to an en-
nearly an order of magnitude longer than for ¥B&O;_,  ergy during one pulse of 1:210'°J and an energy per area
or NdBaCu;0;_. In contrast, well into the normal state during one pulse of %10 °J/cn?. This is approximately
La,_,Sr,CuQ, (all doping levely, YBa,CuO;_, and  1.5x10"photons/crh per pulse. Because we were unable,
NdBaCuw0O;_, exhibit virtually identical behaviors. It for technical reasons, to measure the absolute transmissivity,
should be noted that previous rep6risdicated that the we could not obtain the optical density of the films. Using
single layer material Ngk«Ce, 1<CUQ,_,—at least for near the approximation that one photon exciteS0 carriers in
optimal doping—also exhibits a distinct plateau and a longthe superconducting staté this would lead to the excitation
relaxation response in the superconducting state, both ¢if ~4.5x 10 carriers/crd. These numbers are comparable
which are absent well into the normal state. to those in earlier reports on weakly perturbing cupréfes.
The Samp'es that we measured were 100 nm thick and F|gure 1 i||ust|’a¥es thél’aW data ChangeS in I’eﬂectIVIty
were grown with pulsed laser deposition. The details of/€rsus time. The riseR), plateau(P), and decayD) times
sample preparation are provided in Ref. 12. We measure@'® |Ilustrated by inset | of Fig. 1. We measurgd data for time
five sample types: underdoped.LaSr,CuQ, (x=0.08, T elay periods as long as 60 ps as shown by inset Il of Fig. 1.
—24K), optimally doped La ,SrCuQ, (x=0.15, T, Figure Xa) defines the zero time delay. The rise time is de-

; fined as the time during which the differential reflectivity
=36K), slightly overdoped La ,Sr,Cu0Q, (x=0.20, T, . o 0 i
—22K), underdoped YBZWO, , (T.=80K), and under- increases from 10% to 90% of the total change. The rise time

is followed by a plateau, defined as the period of time during
doped NdBgCu;0;7_x (Tc=82K). The T, values for the \ynich the differential reflectivity changes by less than 2%.
samples were determined by su_sceptlblllty measurementg}y comparing Fig. {a) with the data[Figs. 1b)—1(e)], note

The T, values have a 10-90% widttf @ K or less for all  that the rise time for all data is longer than the instrumental
samples in this paper. The experimental setup for timetime. Figures (b) and Xc) establish that there is a marked
resolved measurements is similar to Fig. 2.4 of Ref. 13. OUbhange between the superconducting state and the normal
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i " delayed thermalization via the” —e™ interaction®>~1’ We
§ KD o ,\\—‘_‘ also measure a rise time 6300 fs in the normal state for all
g our samples. However, as can be seen in the inset of Fig.
- T e Toay O B zom?:mi; (pss)‘o &% 2(a), underdoped La ,Sr,CuQy in the superconducting state

actually displays two different regimes of reflectivity rise.
The earlier rise regime lasts for400 fs, followed by a
longer rise time of~400 fs. This “kink” indicates that even
the initial thermalization is delayed for underdoped
La,_,Sr,CuQ, in the superconducting state. The data in Fig.
1 directly establish the two main points of this rep¢ti; For
La, ,Sr,CuG, in the superconducting state, the relaxation is
delayed by as much as 1.4 g&) The relaxation time for
La,_,Sr,CuQ, in the superconducting state is an order of
magnitude  longer than for YBE&uwO,; , or
3 .2.,0.,..3.,0....4.,0.,..5,0,.,.6,.0 NdBEbCUgO7,X
Time Delay (picoseconds) We analyzed the time dependence of our data using two
methods:(a) Fitting one decaying exponential after the end
FIG. 1. Change of the reflectivitynormalized to maximum  of the plateau periodb) A two-exponential fit described by
changg vs the time delay. Inset | illustrates the  gS,CuO, data  Eq. (3), including part of the rise time and all of the plateau
from (b) out to a delay period of 15 ps defining rig®), plateauP) period. We used methoth) to analyze our YBsCuO;_
and decayD) parts of the response. Inset Il: same data as inset | fogata. Our results are consistent with those reported in Ref.
the full delay period of 60-ps delay time) Overlap of probe pulse 13 |t is important to note that our two exponential method
(smaller, narrower Gaussipand pump pulsélarger, wider Gauss- (p) js not the same as the two exponential method used in
ian), that defines the zero time delayb) Underdoped pot g \we found that metho@) leads to an excellent fit—
La, ,Sr,CuQ, in the superconducting staté4 K, @), and normal but only in the normal state—while meth¢B) was needed

state (58 K, O). (c) Slightly overdoped La ,Sr,CuQ, in the . . . . .
superconducting statél2 K, ®) and normal stata53 K, O). 'gaig the rise and plateau regimes in the superconducting

E?Af i?.pﬁrcsggg%ggejt?;;i%fj (Zf6 i?i?idgﬁzﬁﬁ?g%%op‘;d Figure 2_ illustrates the resulys of' our data fitting for all
NdBaCwO, , (47K,+). (6 Normal-state spectra  of samples. Figure (@) shqws the rise time versus n_ormallzed
underdoped La ,Sr,Cu0, (58K,®) and underdoped temperature for all dopmg levels of b_aXSI‘XCl.JO‘l, Fig. 2b)
YBa,Cu,0, (117 K,0). illustrates the plateau time versus normalized temperature,
and Fig. Zc) illustrates the exponential fit versus normalized
state of underdoped and of overdoped Lgr,CuQ,. There  temperature. We found it necessary to use metBoe-with
is also a marked change for optimally doped Lg5r,CuO,. two exponentials—in the superconducting state, while
Specifically, the rise time is much longer, the plateau time isnethod(A)—one exponential—provide a satisfactory fit to
visible, and the relaxation time is much longer in the superthe normal-state data. The rise time for our ¥880;_,
conducting state. Figurgd) is one of the essential results: it and NdBaCu;O,_, data, consistent with Ref. 9, is 260
shows that there is a marked difference betweent20fs for all temperatures. In our experiments, we excite
La,_,Sr,CuQ, and either YBaCuO;_, or NdBaCwO;_,  carriers to the upper Hubbard band. Reference 18 measured
in the superconducting state. Note the longer rise time foBSCCO-2212 materials, and found an electron lifetime in the
La, ,Sr,CuO,. Note as well that La ,Sr,CuQ, exhibits a  upper Hubbard band of50 fs. This indicates that the much
marked plateau period, while neither two layer cuprate malonger signal rise time observed here is associated with the
terial exhibits a plateau period. Figuréel shows that this thermalization within the lower Hubbard band. We note the
difference between one layer and two-layer cuprates virtuallyecent photoemission report on 43Sr,CuQ, (Ref. 19,
disappears well into the normal state. which argues that the electronic band structure is quasi-one-
The quantitative differences between, for instance, underdimensional for underdoped samples. We speculate that the
doped La_,SrCuO, (T./Tcuax~0.6) and underdoped long rise time for La_,Sr,CuQ, in the superconducting state
YBa,CwO;_y (T/Temax~0.85) in the superconducting is due to the effects of superconductivity on the lower Hub-
state is significant. The rise time can be as long-&)0 fs  bard band states. In a sense, this must be so: while
for the underdoped La,Sr,CuQ,. The plateau period in La,_ ,Sr,CuQ, and YBgCu;O;_, exhibit the same~260
La,_,Sr,CuQ, lasts as long as 1.4 ps. In contrast, the plateaut 20-fs signal rise time for temperatures well abdye they
time in YBaCuwO;_, and NdBaCu;O;_, is absent or too differ substantially belovil . even though the upper Hubbard
short to observéless the 50 fs*4 Furthermore, in the super- band is unaffected by whether the material is in the super-
conducting state, the decay time in,LgSr,CuO, measured conducting or normal state.
after the end of the plateau is quite long. However, under- To interpret the delayed thermalization in the
doped La_,Sr,CuQ,, YBa,Cu;0O,_, and NdBaCuzO;_, La,_,Sr,CuQ, superconducting state, we modeled the relax-
are quite similar in the normal stat&/T.>2), as illustrated ation as comprising two interacting subsystefnandB that
in Fig. 1(e). are out of equilibrium with each other. As the photoexcited
Note that a short rise time is expected in metals due to thearriers thermalize during the first300 fs (Refs. 15-1Y

Normalized Reflectivity AR/R
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they transfer energy to subsysteisand B. To a first ap-
proximation, the reflectivityR(t) = R[E(t),Eg(t) ] can then
be characterized by the time-dependent excitation energies
Ei(t)=2en,, i=A andB, wheree are the energies of the
elementary excitations in the system amdthe correspond-
ing distribution functiong® For weak photoexcitation condi-
tions, the reflectivity R(t)=R[EA(t),Eg(t)] can be ex-
panded in terms OE; .

By retaining the first term in such a Taylor expansidior
the differential reflectivityAR(t) =R(t) —R(0) we obtain

AR(t)=AR (O)EA—(t)+AR (O)EB—(t) 1)
ATEA0) # 7 Eg(0)’
where AR;(0) is the contribution to the differential reflec-
tivityx at t=0, coming from systeri). The time evolution is

dE;

W:_FiEi—’_GijEi! (2)
where G;; describes the rate at which energy is transferred
between systemg) and (j) due to the interactions between
them. In the weak coupling limiG,gGga<|I's—I'g|?, the
solution of Eqs(1) and(2) has the form

EA(0)

AR(t)=ARy(t) + E0)

GgaARg(0)

t t
e Tl _oTh

[Ta=Tgl

(0)
(0)

Es
+GpARA(0)

()

where

I.=3[Ta+Tx (T a—T'g)?+4GrsGgal. (4)

In the above equations, the contributidRy(t), coming
from two noninteracting subsystems, decays with two relax-
ation times~1/I"_ and 1I' , . The second term, on the other
hand, which is proportional to the interaction strength, grows
in magnitude during a time intervat (1/",). It is important

to note that even though the magnitude of the second term is
suppressed for weak interactions as comparefRg(t), it
dominates the time dependence during the time scales
~(1T ), where (1I',)~ (1M p)<(1MT" )~ (1), pro-
vided that

Gea  Ea(0)

=7 =~ ARg(0). 5
ITa—Tg| Eg(0) (0) ®
Under the above condition the differential reflectivity will
display a rise and plateau regime, determined by the second

AR,(0)<

ferm in Eqg.(3), even for weak interaction between the two

subsystems. The above two exponential relaxations describes
the experimental data very well with the chi square fit to the

the change of slope. The first slope is used to determine starred rié@ta<0-04-

times. (b) Plateau time vs temperature for 1 g3Sr,CuQ,. There is
no plateau for the double-layer cupratés) Time constants ob-

In the superconducting state, the decay time for
La,_,Sr,CuQ, is much longer than for YB&uO,;_, or

tained using method B in the superconducting state, and method NdBaCuO;_, [Fig. 2(c)], which implies that ["_) is small

in the normal state. Open markers: the longer time constaht (1/

compared to YBgu;0,_, or NdBaCu;O,_, . This is con-

Closed markers: short time constant[{1). The error bars are the sistent with the condition that (I )~(1/T4)<<(1MT_.)
same for all sets of data.

~(1T'g). In the normal state, the relaxation follows a single
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exponential decay, with similar magnitudes for all three cu-bottleneck effect on relaxation. Any reduction of phase space
prate systems since the decay time becomes comparalfier scattering could lead to a long relaxation time. In this
[Fig. 2(c)]. regard, we note the recent photoemission study of
We stress the significance of E). In normal metals, La,_,SKCuQ, indicating a quasi-one-dimensional electronic
there are two subsystems—the phonon bath and the electré@@nd structure for underdoped samples, just the reduction of
bath. Again, in BCS superconductors, the two-fluid modelPhase space that would lead to a long relaxation fine.
leads to two subsystems. Neither of these exhibit a delayeW/hile the reduction of phase space should result in a longer
rise or plateau period, which is observed if E§) is satis-  decay time, it seem unlikely that this is the sole cause for the
fied. Physically, Eq(5) means that the subsystem with the différence in the response of the single compared to the
shorter (faste) relaxation time contributes less to the total d0Uble layer cuprates. Further theoretical studies are required
reflectivity change than the other subsystem. Equaoris to determine the effects of a quantum phase transition on the

consistent with Fig. @), in which we find two different re- "€/Xaton.

laxation times—differing by approximately one order of A second possibility is to identify subsysteB with a
, . g Dby app y one pseudogap normal phase that coexists with the superconduct-
magnitude—in the superconducting state. In principle, an al

. i S . ing phaseA, similar to the analysis of Y O;_, in Ref.
ternative explanation for the rise time and plateau time dat gp y BEWO,

A . . We could then havé\R,<ARg since for underdoped
would be that the electron-electron thermalization time an a, ,Sr,Cu0,, the superfluid density is suppressed and the

the electron-phonon relaxation time are close to the same. lé‘ample is inhomogeneous due to phase separation. The con-
a good metal, this is not the case. We note that in the supef;tion of Eq.(5) would then be satisfied if, in La ,Sr,CuQ,,

conducting state, the rise tinfec1 pseg and the slower re- o rejaxation time in the pseudogap phase is much longer
laxation time (5-10 psef are significantly different, while  {han the relaxation time in the superconducting phase. In
the faster relaxation timé~1 pseg is only slightly slower YBa,CwO,_,, according to Ref. 8, the opposite is true.

than the rise time. There is the possibility, then, that the | summary, we reported on the superconducting and
fgster relaxatlon. time might be a _comblnatlon pf thermal'za'normal-state transient optical reflectivity in L3SrCuO,,
tion and relaxation, rather than simply relaxation. This pos

e ! - - YBa,CuwO7_,, and NdBaCwO,_,. We find qualitativel
S|b|_I|ty Wa}rrants further theoretical modeling and experlmen-diffe?e#? b7ehxavior for thea slijrigre-i(ayer cuprat% compareyd to
tal investigation. . . the double-layer cuprates in the superconducting state; these
Let us now briefly speculate as to the origin of the tWo yitterences disappear at temperatures well into the normal
coexisting subsystem& andB. First, since we only observe sate. The data directly establish that,LgSr,Cu0, in the

theb wo exppngznt;]al relaxatlorés b_elowr,] one of the dtwo gSuperconducting state consists of two interacting subsystems,
subsystems is in the superconducting phase. Second, our dalgpeqretical analysis provides details of the conditions on

indicate that the above coexistence occurs the most SroNgiq jnteraction between the subsystems consistent with the
in the u.nderdoped regime, wher_e the anomalous _norma}l Stalfita. We speculate briefly on two possible explanations as to
properties occur. Third, according to EG), the dielectric o physical origins of subsystemsand B. Relaxation can

function and optical spectrum must depend weakly on thg 5 e 4 strong effect on the nature of a quantum phase tran-
photoinduced distribution function of the elementary excita-giiion and vice versa. while experiments such as the above

tion of the subsystem with the shorter relaxation time. Inyre el suited to study such effects. Independent of our
fact, for flnlte temperatures, the coeX|stence. (_)f two phases '§peculations, it is noteworthy that—directly from the data—
expected in the proximity of a quantum critical point that

h | | , ¢ hone of the two subsystems is associated with the supercon-
may govern the anomalous normal state properties of th§,cting state, since the rise and plateau intervals decrease
cuprates! Note that in La_,SrCuQ, as the doping de-

" ; sharply above T, and are essentially identical to

creases below a critical value:~0.20, a rapid collapse of g, <, o Il
X . 3 . ,Cus0O;_, well aboveT,.

the superfluid density was observ&d: The optically ex-
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fer some of their energy to such low-spin excitations, leadingure Demsar, we also benefited from conversations with
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