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Spatial symmetry of the superconducting gap of YBa2Cu3O7Àd obtained
from femtosecond spectroscopy
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The polarized femtosecond spectroscopies obtained from well characterized~100! and~110! YBa2Cu3O72d

thin films are reported. This bulk-sensitive spectroscopy, combined with the well-textured samples, serves as an
effective probe to quasiparticle relaxation dynamics in different crystalline orientations. The significant anisot-
ropy in both the magnitude of the photoinduced transient reflectivity change and the characteristic relaxation
time indicates that the nature of the relaxation channel is intrinsically different in various axes and planes. By
an orientation-dependent analysis,d-wave symmetry of the bulk-superconducting gap in cuprate superconduct-
ors emerges naturally.
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The crucial and yet controversial issues involved in
superconducting gap symmetry of the cuprate supercond
ors remain unsettled. Numbers of theories and experim
have been proposed and deployed to track down the na
of the order parameter symmetry of the cuprate superc
ductors. In general, the obtained results can be roughly c
sified into two sets.1 The majority of experimental result
obtained by surface-sensitive experiments2–6 all point to the
widely acceptedd-wave symmetry scenario. Nonetheless,
cently some bulk-sensitive experiments,7–10 e.g., the investi-
gation of quasiparticle dynamics by the ultrafast tim
resolved experiments, have revealed some disput
features ofs-wave symmetry ors-dmixed characters. In par
ticular, very recently, Kabanovet al.7 compared the calcula
tions on the temperature dependence of the photoindu
transmission amplitude belowTc and claimed that the result
were more consistent with an isotropic gap in YBa2Cu3O72d
~YBCO!. This apparently has revived the extensive inter
on this matter. The fact that, in addition to its bulk-sensit
characteristic, there exist intimate correlations between
superconducting gap opening and the amplitude as we
relaxation time of the transient reflectivity change (DR/R)
has made the femtosecond pump-probe technique one o
most powerful tools in studying the ultrafast carrier dyna
ics relevant to high-Tc superconductivities.11–19 It is, thus,
desirable to re-examine this issue with the improved fem
second laser and more carefully characterized samples.

In this study, based on the general consensus thatthe am-
plitude and relaxation time of the transient reflectivity in p
cosecond scale below Tc are directly associated with the
opening of the superconducting gap, we have measured th
orientation-dependentDR/R in thebc, ab-diagonal-c, andab
planes of YBCO by polarized femtosecond time-resolv
spectroscopy. The independent polarization of the pump
probe beams and the well-oriented films together prov
detailed information that is unprecedented in the literatu
The significant anisotropy in both the magnitude and
characteristic relaxation time ofDR/R indicates that the na
ture of relaxation channel might be intrinsically anisotrop
in different planes andeven along different orientations i
the CuO2 (ab) planes.
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The well characterized~100!- and ~110!-oriented YBCO
thin films were used in this study. Both samples were p
pared by pulsed laser deposition. In order to obtain the
sired epitaxial orientations, the substrate, deposition te
perature, and even the oxygen partial pressure were care
monitored. For~110!-oriented films, SrTiO3 ~110! substrates
were used with a buffer layer of~110! PrBa2Cu3O72d depos-
ited at lower temperatures. This process not only succ
fully suppressed the growth~103! YBCO but also improved
the Tc significantly.20 For preparing the highly in-plane
aligned ~100! YBCO films, an interesting process wa
deployed.21

The percentage of the in-plane alignment for both~100!
and~110! films was larger than 97% as determined by x-r
F scanning. In order to distinguish the directions of the ax
in the thin film plane, the polarized x-ray absorption ne
edge spectroscopy~XANES! of the O K-edge was carried
out and successfully identified thea, b andc axes of YBCO
thin films.21,22 The orientations of both the~100! and ~110!
films were further checked by the electric resistivi
measurements23 and were consistent with those obtained
XANES. The zero resistance transition temperatures (Tc0)
are 89.7 and 88.2 K for~100! and~110! YBCO films, respec-
tively.

Samples were mounted on the cold finger of a Janis flo
through cryostat and the temperature was monitored by
thermometer buried in the finger below samples. The fem
second time-resolved spectroscopy was carried out by
usual pump-probe scheme. The pump-probe measurem
utilized a mode-locked Ti:sapphire laser which produced
75-MHz train of 20-fs pulses with a central wavelength
800 nm. The ratio between the average power of the pu
and probe beams was set at 40:1. The typical energy of
pump pulses was;0.5 nJ and modulated at 87 KHz with a
acousto-optic modulator. The small reflecting signals w
detected by a lock-in amplifier. In practice, the pump pu
excites electron-hole pairs that relax to the states in the
cinity of the Fermi energy (EF) by either electron-electron o
electron-phonon scattering. This process occurs within a t
scale of a subpicosecond.7,24 The presence of a gap nearEF
©2003 The American Physical Society08-1
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leads to the carrier accumulation in quasiparticle states ab
the gap. This, in turn, gives rise to a transient change
reflectance@DR/R(t)# to be detected by a second las
~probe! pulse as a function of the time delay between
pump and probe pulses. The amplitude and characteristi
laxation time of the measuredDR/R(t) thus give important
information of the number of the quasiparticles (NQP) accu-
mulated and the amplitude of the gap, according touDR/Ru
}NQP}2D ~superconducting gap!.7,12,13 To achieve the
orientation-resolved femtosecond spectroscopy,
polarization-dependent pump-probe experimental setup
shown in Fig. 1. TheDR/R (t,F1 ,F2 ,us) curves along vari-
ous directions on the surface of the sample can be obta
by rotating the polarization~electric field E! of pulses
(F1 ,F2) at nearly normal incidence,us;0° ~actually,
us,pump54° andus,probe51.5°). With the polarization of the
pulses perpendicular to thec axis of~100! or ~110! films, one
is able to measure the responses@DR/R (t,0,0,us)# along
various directions in theab-plane by changing the angleus.
It is repeatedly checked and confirmed that at any partic
probing orientation the prominent characteristics ofDR/R
only depend on the direction ofEprobe while the indepen-
dently manipulatedEpump only affects the excitation effi-
ciency, i.e., the amplitude ofDR/R.24,25 Thus, in order to
obtain the largest effect, we adopt theEpumpiEprobe configu-
ration to investigate the anisotropic properties of YBCO
this study.

Figure 2~a! shows the typicalDR/R in the superconduct
ing state by setting the polarizations of the pump and pr
pulses parallel to theb andc axes and theab diagonal direc-
tions. TheDR/R along theb axis is markedly different from
the other two, not only in the amplitude, but also in t
characteristic of relaxation. Two relaxation processes~fast
componentt1 and slow componentt2) can be clearly ob-
served along theb axis, indicating the occurrence of a ga
near EF .26,27 Conversely, the slower relaxation process
absent in both thec axis andab diagonal. Furthermore, th
amplitude difference ofDR/R is about 5–10 times larger in
b than in the other two directions. These results clearly de

FIG. 1. The polarized pump-probe experimental setup.F1(F2)
is the angle between the~a! b axis and~b! a-b plane and the pump
~probe! pulses.us: the angle between the surface of samples and
polarization of the pump~or probe! pulses.t: the time delay be-
tween the pump and probe pulses.
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onstrate that cuprate superconductors are indeed very a
tropic and the superconducting gap appears to emerge
in certain crystalline orientation, namely,@010# or theb axis.

By scanning the polarization of both the pump and pro
pulses (F15F250° to 90° and settingus50°), a complete
picture of the spatial symmetry of superconducting gap
be mapped in both thebc plane andab-diagonal-c plane, as
illustrated in Fig. 3. In the normal state, no significant chan
of DR/R was observed along various directions in thebc
plane@see Fig. 3~a! and the insets,T5120 K]. In the super-
conducting state, however, a large number of the photo
cited quasiparticles (;1.6631011/per pulse, based on th
assumption that each photon creates 23hn/2D quasiparti-
cles with 2D;40 meV being the order of superconductin
gap! are generated by the pump pulses along theb-axis and
followed a slow relaxation process due to the bottleneck
by the opening of superconducting gap.28 Off the b axis, the
number of the accumulated quasiparticles through the ph
excitation process dramatically drops (DR/R decreases! and
t2 significantly increases from;4.7 to ;6.5 ps @see Fig.
3~a! and the insets,T560 K]. This indicates that the recom
bination of quasiparticles becomes less and less efficient
to the shrinking of the superconducting gap.7,26 Along thec
axis, DR/R becomes very small andt2 disappears com-
pletely, indicative of the absence of the superconducting g
This characteristic is rather different from that in theab-
diagonal-c plane. In that case, even in the superconduct
state (T560 K), no significant change ofDR/R was ob-
served over the entire scan, as shown in Fig. 3~b! and the
insets. This is also very similar to that in the normal sta
@T5100 K, right panel in Fig. 3~b!#. These results are con
sistent with our previous conjecture that the superconduc
gap exists only in the vicinity along theb-axis and is nearly
absent in thec-axis andab-diagonal directions.

The spectroscopy in theab plane is of particular interest
By using (110) and (100) YBCO thin filmsand rotating the

e
FIG. 2. ~a! DR/R measured at 60 K along various crystallin

orientations. The spectra ofEic andb were measured using~100!
YBCO films. Those ofEiab diagonal were measured using~110!
YBCO films. ~b! DR/R along specific crystalline directions in th
ab plane at 60 K. Results ofu;45° were measured on (110) YBCO
films with nearly normal incidence. Data of other angles were mea
sured on~100! YBCO films.
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SPATIAL SYMMETRY OF THE SUPERCONDUCTING GAP . . . PHYSICAL REVIEW B 68, 220508~R! ~2003!
FIG. 3. ~Color online! DR/R
along various directions is show
for ~a! the bc plane of ~100!
YBCO films at 60 and 120 K, and
~b! the ab-diagonal-c plane of
~110! YBCO films at 60 and 100
K, by rotating the polarization of
laser pulses. The insets are th
amplitude and relaxation time
of the corresponding three
dimensional ones. Note: for thebc
plane at 60 K, only the slow relax
ation time (t2) is shown.
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angle of sample (us) and settingF15F250° at 60 K, the
characteristics of the superconducting gap along various
rections in theab plane are displayed in Fig. 2~b!. For ab-
normal incidence cases, we have calibrated the actual an
~u! of the optical polarization inside YBCO films by Snell
law with nYBCO51.64. It is evident that, alongab diagonal
(u;45°), the diminishingDR/R amplitude suggests a min
mal number of the accumulated quasiparticles in the m
stable states. While for other directions, the amplitude
22050
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DR/R indicates that the quasiparticles are easier to accu
late. As mentioned before, theDR/R response primarily de-
pends on the polarization of the probe beam, and the s
metry of the superconducting gap can thus be inferred by
type of measurements. This is even better illustrated by
angular dependence of the amplitude and relaxation tim
DR/R shown in Fig. 4. It is interesting to note that, in Fi
4~a!, the amplitude ofDR/R drops drastically atu545° and
the data are qualitatively consistent with thedx22y2-wave
e

FIG. 4. The angular dependence of~a! the amplitude and~b! the relaxation time,t1 ~fast component, solid squares! and t2 ~slow

component, open circles!, of DR/R in the ab plane at 60 K. The dashed lines are according to thedx22y2 symmetry and normalized to th
~a! amplitude and~b! t2 of DR/R along theb axis, respectively.
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symmetry depicted by the dashed pattern shown in Fig
Similarly, the divergence oft2 @open circles in Fig. 4~b!#
when approaching theab diagonal is indicative of a shrink
ing superconducting gap leading to an inefficient quasipa
cle recombination.7,26 Moreover, the abrupt disappearance
the ab diagonal strongly suggests the existence of gap
nodes along theab diagonal. These results lend strong su
port to the conjecture that the intrinsic nature of the bu
superconducting gap is indeed dominated byd-wave symme-
try.

Finally, we would like to note that it is difficult to resolv
the spatial symmetry of the superconducting gap in theab
plane by using the~001! YBCO thin films, since in this case
thea andb axes are randomly orientated in theab plane. The
results consist of contribution from botha andb axes and the
correct temperature-dependentDR/R along the ab diagona
will be blurred.29,30We believe that the apparent discrepan
between the present results and those obtained with the s
ys

ev
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femtosecond spectroscopy in~001! YBCO films by
Kabanovet al.7 must have arisen from the above factors.

In summary, by using the~100!- and ~110!-oriented
YBCO thin films, the spatial anisotropy of photoinduce
quasiparticle relaxation dynamics in several major crystall
planes can be clearly revealed by the polarized femtosec
spectroscopy. Except in theab-diagonal-c plane, spectra in
both thebc andab planes show strong anisotropies ofDR/R,
in contrast to those in theab-diagonal-c plane. The results
strongly support that thed-wave symmetry in the supercon
ducting order parameter of cuprate superconductors not
appears on the surface-sensitive experiments, but also
bustly prevails in the bulk. Therefore, it seems to dismiss
possibility that the superconducting wavefunction may va
as a function of the distance from the surface as rece
suggested by Mu¨ller.1

This work was supported by the National Science Coun
of Taiwan, R.O.C. under Grant No. NSC92-2112-M009-03
ity,

col-
spec-
1K. A. Müller, Philos. Mag. Lett.82, 279 ~2002!.
2D. A. Wollman et al., Phys. Rev. Lett.71, 2134~1993!.
3C. C. Tsuei and J. R. Kirtley, Rev. Mod. Phys.72, 969 ~2000!.
4D. S. Dessauet al., Phys. Rev. Lett.71, 2781~1993!.
5Z.-X. Shen and D. S. Dessau, Phys. Rep.253, 1 ~1995!.
6H. Ding et al., Phys. Rev. Lett.78, 2628~1997!.
7V. V. Kabanov, J. Demsar, B. Podobnik, and D. Mihailovic, Ph

Rev. B59, 1497~1999!.
8D. Rubioet al., J. Supercond.13, 727 ~2000!.
9A. Bhattacharyaet al., Phys. Rev. Lett.82, 3132~1999!.

10M. Willemin et al., Phys. Rev. B57, 6137~1998!.
11A. Stingl et al., Opt. Lett.20, 602 ~1995!.
12S. G. Hanet al., Phys. Rev. Lett.65, 2708~1990!.
13J. M. Chwaleket al., Appl. Phys. Lett.57, 1696~1990!.
14G. L. Eesleyet al., Phys. Rev. Lett.65, 3445~1990!.
15D. H. Reitze, A. M. Weiner, A. Inam, and S. Etemad, Phys. R

B 46, 14 309~1992!.
16T. Gonget al., Phys. Rev. B47, 14 495~1993!.
17Y. Liu et al., Appl. Phys. Lett.63, 979 ~1993!.
.

.

18P. Gayet al., Physica C341-348, 2269~2000!.
19R. A. Kaindl et al., Science287, 470 ~2000!.
20S. P. Chen, Ph.D. dissertation, National Chiao Tung Univers

Taiwan, 2001.
21C. W. Luo et al., J. Appl. Phys.94, 3648~2003!.
22S. J. Liuet al., J. Appl. Phys.93, 2834~2003!.
23C. W. Luo et al., J. Low Temp. Phys.131, 545 ~2003!.
24C. J. Stevenset al., Phys. Rev. Lett.78, 2212~1997!.
25C. W. Luo et al. ~unpublished!.
26J. Demsaret al., Phys. Rev. Lett.82, 4918~1999!.
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