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Spatial symmetry of the superconducting gap of YBaCu;0,_ 5 obtained
from femtosecond spectroscopy
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The polarized femtosecond spectroscopies obtained from well charact&r®®®dnd (110 YBa,Cu;O;_ 5
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 analygisyjyave symmetry of the bulk-superconducting gap in cuprate superconduct-
ors emerges naturally.
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The crucial and yet controversial issues involved in the The well characterized100- and (110-oriented YBCO
superconducting gap symmetry of the cuprate superconducthin films were used in this study. Both samples were pre-
ors remain unsettled. Numbers of theories and experimenisared by pulsed laser deposition. In order to obtain the de-
have been proposed and deployed to track down the natukgred epitaxial orientations, the substrate, deposition tem-
of the order parameter symmetry of the cuprate superconserature, and even the oxygen partial pressure were carefully
ductors. In general, the obtained results can be roughly clag, nitored. For(110-oriented films, SrTiQ (110) substrates

sified into two sets. The majority of experimental results :
: . .o . were used with a buffer layer 6110 PrBgCu;O;_ 5 depos-
obtained by surface-sensitive experiméntsll point to the ited at lower temperatures. This process not only success-

widely acceptedl-wave symmetry scenario. Nonetheless, re- .
cently some bulk-sensitive experimefitse.g., the investi- fully suppressed the growit103 YBCO but also improved

gation of quasiparticle dynamics by the ultrafast time-the Tc significanty”® For preparing the highly in-plane

resolved experiments, have revealed some disputab%|Igned (1100) YBCO films, an interesting process was
features ob-wave symmetry os-d mixed characters. In par- deployed _ _
ticular, very recently, Kabanoet al” compared the calcula- "€ percentage of the in-plane alignment for b@B0)
tions on the temperature dependence of the photoinduced’d(110 films was larger than 97% as determined by x-ray
transmission amplitude beloW, and claimed that the results @ scanning. In order to distinguish the directions of the axes
were more consistent with an isotropic gap in ¥BasO-_ 5 in the thin film plane, the polarized x-ray absorption near-
(YBCO). This apparently has revived the extensive interes€dge spectroscopfXANES) of the O K-edge was carried
on this matter. The fact that, in addition to its bulk-sensitiveout and successfully identified tize b andc axes of YBCO
characteristic, there exist intimate correlations between thhin films?2:?2 The orientations of both thé100 and (110
superconducting gap opening and the amplitude as well &ms were further checked by the electric resistivity
relaxation time of the transient reflectivity changeR/R) measurements and were consistent with those obtained by
has made the femtosecond pump-probe technique one of tRANES. The zero resistance transition temperaturgg)(
most powerful tools in studying the ultrafast carrier dynam-are 89.7 and 88.2 K far100) and(110 YBCO films, respec-
ics relevant to highF, superconductivities:° It is, thus, tively.
desirable to re-examine this issue with the improved femto- Samples were mounted on the cold finger of a Janis flow-
second laser and more carefully characterized samples. through cryostat and the temperature was monitored by the
In this study, based on the general consensustlieadam-  thermometer buried in the finger below samples. The femto-
plitude and relaxation time of the transient reflectivity in pi- second time-resolved spectroscopy was carried out by the
cosecond scale below Tare directly associated with the usual pump-probe scheme. The pump-probe measurements
opening of the superconducting gape have measured the utilized a mode-locked Ti:sapphire laser which produced a
orientation-dependeR/R in thebc, ab-diagonale, andab ~ 75-MHz train of 20-fs pulses with a central wavelength of
planes of YBCO by polarized femtosecond time-resolved800 nm. The ratio between the average power of the pump
spectroscopy. The independent polarization of the pump anand probe beams was set at 40:1. The typical energy of the
probe beams and the well-oriented films together providgoump pulses was-0.5 nJ and modulated at 87 KHz with an
detailed information that is unprecedented in the literatureacousto-optic modulator. The small reflecting signals were
The significant anisotropy in both the magnitude and thedetected by a lock-in amplifier. In practice, the pump pulse
characteristic relaxation time &R/R indicates that the na- excites electron-hole pairs that relax to the states in the vi-
ture of relaxation channel might be intrinsically anisotropiccinity of the Fermi energyEg) by either electron-electron or
in different planes andven along different orientations in electron-phonon scattering. This process occurs within a time
the CuO, (ab) planes scale of a subpicosecorid? The presence of a gap neag
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FIG. 1. The polarized pump-probe experimental setp(®,) Time Delay (ps)

is the angle between th@) b axis and(b) a-b plane and the pump
(probe pulses.fs: the angle between the surface of samples and the
polarization of the pumpgor probg pulses.t: the time delay be-
tween the pump and probe pulses.

FIG. 2. (8 AR/R measured at 60 K along various crystalline
orientations. The spectra &ilc andb were measured using.00)
YBCO films. Those ofEllab diagonal were measured usifl0)
YBCO films. (b) AR/R along specific crystalline directions in the

leads to the carrier accumulation in quasiparticle states abo plane at 60 K. Results af~45° were measured on (110) YBCO
films with nearly normal incidenc®ata of other angles were mea-

the gap. This, in turn, gives rise to a transient change in
reflectance[ AR/R(t)] to be detected by a second laser sured on(100) YBCO films.
(probeg pulse as a function of the time delay between theonstrate that cuprate superconductors are indeed very aniso-
pump and probe pulses. The amplitude and characteristic réropic and the superconducting gap appears to emerge only
laxation time of the measuredlR/R(t) thus give important in certain crystalline orientation, name[{10] or theb axis.
information of the number of the quasiparticléddy) accu- By scanning the polarization of both the pump and probe
mulated and the amplitude of the gap, accordingA&/R| pulses (p;=d,=0° to 90° and settingd;=0°), a complete
«Ngp*2A (superconducting gag'®'® To achieve the picture of the spatial symmetry of superconducting gap can
orientation-resolved = femtosecond  spectroscopy, thée mapped in both thec plane andab-diagonale plane, as
polarization-dependent pump-probe experimental setup i#lustrated in Fig. 3. In the normal state, no significant change
shown in Fig. 1. ThAR/R (t,®,,®,, 6,) curves along vari- of AR/R was observed along various directions in the
ous directions on the surface of the sample can be obtaingslane[see Fig. 8) and the insets] =120 K]. In the super-
by rotating the polarization(electric field E) of pulses conducting state, however, a large number of the photoex-
(®y,P,) at nearly normal incidencefs~0° (actually, cited quasiparticles £1.66x 10'Yper pulse, based on the
Os,pump=4° and s ;o= 1.5°). With the polarization of the assumption that each photon createshd/2A quasiparti-
pulses perpendicular to tleeaxis of (100) or (110) films, one  cles with 2A~40 meV being the order of superconducting
is able to measure the respong@sR/R (1,0,065)] along  gap are generated by the pump pulses alongktfais and
various directions in thab-plane by changing the angi. followed a slow relaxation process due to the bottleneck set
It is repeatedly checked and confirmed that at any particulaby the opening of superconducting g&mOff the b axis, the
probing orientation the prominent characteristicsA@R/R ~ number of the accumulated quasiparticles through the photo-
only depend on the direction d, ., While the indepen- excitation process dramatically dropSR/R decreasgsand
dently mampulatedEpurnp only affects the excitation effi- 7, significantly increases from-4.7 to ~6.5 ps[see Fig.
ciency, i.e., the amplitude oAR/R.?*?° Thus, in order to  3(a) and the insetsT =60 K]. This indicates that the recom-
obtain the largest effect, we adopt tBg,JIE probe configu-  bination of quasiparticles becomes less and less efficient due
ration to investigate the anisotropic properties of YBCO into the shrinking of the superconducting gai5.Along thec
this study. axis, AR/R becomes very small and, disappears com-
Figure Za) shows the typicaAR/R in the superconduct- pletely, indicative of the absence of the superconducting gap.
ing state by setting the polarizations of the pump and prob&his characteristic is rather different from that in the-
pulses parallel to thb andc axes and thab diagonal direc- diagonale plane. In that case, even in the superconducting
tions. TheAR/R along theb axis is markedly different from state =60 K), no significant change cAR/R was ob-
the other two, not only in the amplitude, but also in theserved over the entire scan, as shown in Fidp) &nd the
characteristic of relaxation. Two relaxation procesffast insets. This is also very similar to that in the normal state
componentr; and slow component,) can be clearly ob- [T=100K, right panel in Fig. ®)]. These results are con-
served along thé axis, indicating the occurrence of a gap sistent with our previous conjecture that the superconducting
near Er .%527 Conversely, the slower relaxation process isgap exists only in the vicinity along tHeaxis and is nearly
absent in both the axis andab diagonal. Furthermore, the absent in the-axis andab-diagonal directions.
amplitude difference oAR/R is about 5—10 times larger in The spectroscopy in thab plane is of particular interest.
b than in the other two directions. These results clearly demBy using (110) and (100) YBCO thin filmand rotating the
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FIG. 3. (Color online AR/R
along various directions is shown
for (@) the bc plane of (100
YBCO films at 60 and 120 K, and
(b) the ab-diagonale plane of
(110 YBCO films at 60 and 100
K, by rotating the polarization of
laser pulses. The insets are the
amplitude and relaxation time
\\3 ToaooK of the corresponding three-

dimensional ones. Note: for thm
Xi plane at 60 K, only the slow relax-
ab-diagonal ation time (r,) is shown.
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angle of sample ;) and settingb,=®,=0° at 60 K, the AR/R indicates that the quasiparticles are easier to accumu-
characteristics of the superconducting gap along various diate. As mentioned before, theR/R response primarily de-
rections in theab plane are displayed in Fig.(®. For ab- pends on the polarization of the probe beam, and the sym-
normal incidence cases, we have calibrated the actual anglesetry of the superconducting gap can thus be inferred by this
(0) of the optical polarization inside YBCO films by Snell’s type of measurements. This is even better illustrated by the
law with nygco=1.64. It is evident that, alongb diagonal angular dependence of the amplitude and relaxation time of
(6~45°), the diminishingA R/R amplitude suggests a mini- AR/R shown in Fig. 4. It is interesting to note that, in Fig.
mal number of the accumulated quasiparticles in the metad(a), the amplitude oA R/R drops drastically ab=45° and
stable states. While for other directions, the amplitude othe data are qualitatively consistent with thg_ .-wave

AR/R (107)  (ps)
(@) a-axis (b) 9P a-axis

180

%70

FIG. 4. The angular dependence @ the amplitude andb) the relaxation time;; (fast component, solid squajeand 7, (slow
component, open circlgsof AR/R in the ab plane at 60 K. The dashed lines are according todthe,» symmetry and normalized to the
(a) amplitude andb) 7, of AR/R along theb axis, respectively.
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symmetry depicted by the dashed pattern shown in Fig. 4emtosecond _spectroscopy it001) YBCO films by
Similarly, the divergence of-, [open circles in Fig. )]  Kabanovet al.” must have arisen from the above factors.
when approaching thab diagonal is indicative of a shrink- In summary, by using thg100- and (110)-oriented

ing superconducting gap leading to an inefficient quasipartiYBCO thin films, the spatial anisotropy of photoinduced
cle recombinatiod:?® Moreover, the abrupt disappearance atquasiparticle relaxation dynamics in several .major crystalline
the ab diagonal strongly suggests the existence of gaplesBlanes can be clearly revealed by the polarized femtosecond
nodes along thab diagonal. These results lend strong sup-SPectroscopy. Except in theb-diagonale plane, spectra in
port to the conjecture that the intrinsic nature of the bulk-P0th thebcandab planes show strong anisotropiesR/R,

superconducting gap is indeed dominatedibyave symme- in contrast to those in thab-diagonale plape. The results
try. strongly support that thd-wave symmetry in the supercon-

Finally, we would like to note that it is difficult to resolve 94cting orderﬂﬁ)aram;ater of cupgate supe(con(jtuctgrst n?t only
the spatial symmetry of the superconducting gap inahe zppﬁars On.l € ‘;’#r ?)CTI;S?FESI 'er eth)er|men f d'u "?‘Sothro'
plane by using th€001) YBCO thin films, since in this case us '){:)ﬁ'rtevt?: St ':;1 € bulk. deret'ore, ! se(famstlo ISmiss the
thea andb axes are randomly orientated in taeplane. The - 2550 B o S dle e e S e e recenty
results consist of contribution from bo#handb axes and the d by Miert y
correct temperature-dependexi®R/R along the ab diagonal suggested by "
will be blurred?*2°We believe that the apparent discrepancy  This work was supported by the National Science Council
between the present results and those obtained with the saroéTaiwan, R.O.C. under Grant No. NSC92-2112-M009-031.
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