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(Fig. 3B) and ->. (Fig. 3C) directions. -411 three 
experiments were performed with pristine 
films. The upper panels show the sum ZI of two 
adjacent intensity maxima as shown in Fig. 2. 
The angle of incidence of the fundamental 
beam was chosen such that the Fresnel factors 
are higher at the lens-prism interface compared 
with the prism-air interface (6).Thus, the area 
of increased SHG intensity directly reflects the 
s i ~ e  of the contact area. The middle panels 
show maps of AI. For normal loading of the 
lens (Fig 3A), II changes slgn across the con- 
tact area. indicating that the forces are axially 
symmetric with respect to the initial point of 
contact, causing a radial alignment of the mol- 
ecules. Because we only probed alignment 
along the J.  axis, 14 for molecules aligned 
along the .x axis is zero and gradually increases 
with increasing alignment along J.. This is seen 
in the radially symmetric case in which V 
changes sign at I = 0 In contrast, rolling 
causes a unidirectional alignment over the 
whole contact area (Fig 3. B and C) 

It IS evident from the ahgnrnent seen under 
both normal loading and rolling conditions that 
shear forces act on the film. However. their 
origin is not clear at present. Microslip due to 
the difference in the elastic constants of the 
prism and the lens seems to be too small to 
account for the alignment, and, furthermore, 
an alignment pattern different from those 
depicted in Fig. 3, B and C, is expected from 
standard models in contact mechanics (23). 
Thus, other mechanisms sho~ild be consid- 
ered. such as squeezing of the organic film. 
which would produce a lateral force originat- 
ing from the point of highest pressure out-
ward. Also, interfacial contaminations such as 
an adsorbed water film that is saueezed out of 
the contact area under loading could give rise 
to an additional shear force. 

The results presented here demonstrate 
that the tribological propetties of surface 
coatings and lubricants between two bodies 
can be monitored in situ to study molecular 
changes as a function of loading conditions 
and to monitor their durability or wear. They 
can be extended to sum frequency generation 
(SFG) (28) studies, which will then allow the 
study of confined organic films more relevant 
to technical applications than the model sys- 
tem presented here. 
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Ultrafast Mid-Infrared Response 

R. A. Kaindl,' M. Woerner,' T. Elsaesser,'* D. C. Smith,' 
J. 	 F. Ryan,' G.A. Farnan,3 M. P. M~Curry ,~D. G. Walmsley3 

Optical spectra of high-transition-temperature superconductors in the mid- 
infrared display a gap of in-plane conductivity whose role for superconductivity 
remains unresolved. Femtosecond measurements of the mid-infrared reflec- 
t iv i ty of YBa,Cu,O,., after nonequilibrium optical excitation are used t o  dem- 
onstrate the ultrafast fill-in of this gap and reveal two  gap constituents: a 
picosecond recovery of the superconducting condensate in underdoped and 
optimally doped material and, in underdoped YBa,Cu,O,.,, an additional sub- 
picosecond component related t o  pseudogap correlations. The temperature- 
dependent amplitudes of both contributions correlate with the antiferromag- 
netic 41-millielectronvolt peak in neutron scattering, supporting the coupling 
between charges and spin excitations. 

A number of energy-sensitive studies on high- 
transition-temperature (high T,) cuprate super- 
conductors including tunneling ( I ) ,  angular-re-
solved photoemission (2) ,neutron scattering (3),  
Raman scattering (4) ,  and infrared reflectivity 
(5-8) suggest that understanding the elementary 
excitations in the mid-infrared energy range 
(fiw -= 40 to 200 meV) in the vicinity of the 
superconducting gap is essential for clarifying 
the mechanisms behind formation of the super- 
conducting condensate. In particular. the low- 
energy electromagnetic response of such cup- 
rates contains valuable information on electron- 
ic excitations and their correlated dynamics. 

'Max-Born-lnstitut fur Nichtlineare Optik und Kurz- 
zeitspektroskopie, D-12489 Berlin. Germany. *Depart- 
ment of Phvsics. Clarendon Laboratorv. Oxford Uni- 
versity, 0x;ord OX1 3PU, UK. 3 ~ e p a h m e n t  of Pure 
and Applied Phvsics. Queen's University of Belfast, 

el fast B T ~INN, uK. -

*To whom correspondence should be addressed. 

When temperature T is lowered below the su- 
perconducting transition in optimally doped ma- 
terials, the most pronounced changes of the 
reflectivity R(w,T) for light of frequency w po- 
larized parallel to the superconducting CuO, 
planes [(ah)-plane reflectivity] appear in the 
spectral range around fiw = 100 meV. These 
reflectivity changes (Fig. 1A) are directly con- 
nected with a strong depression of the in-plane 
conductivity (Fig. lC), which has been attribut- 
ed to the opening of a gap for electronic transi- 
tions involving inelastic collisions. A straight-
forward association with the superconducting 
gap, however. is hampered by the observation 
that, in underdoped cuprates, such features al- 
readv occur at temDeratures T* substantiallv 
higher than T, ( F , ~ ,  1, B and D) and are 
pseudogap ('-@' 

b$ile infrared spectroscopy mea- 
sures the total of all contributions to the mid- 
~nfrared reflectivity and cannot clearly d~scem 
spectrally similar components in the pseudogap 
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regime, nonlinear time-resolved spectroscopy 
could provide such a distinction by separating 
the components in the time domain. Previous 
ultrafast optical experiments with high-Tc su- 
perconductors have given information on the 
time scales of carrier and condensate relaxation 
dynamics by nonequilibrium excitation of the 
carrier system at photon energies of 1.5 eV and 
subsequently studying its dynamics either at the 
same interband energies (9-11) or in the far- 
infrared around hw = 0 to 3 meV (12). Here, we 
present experimental results probing the mid- 
infiared spectra in high-Tc superconductors on 
ultrafast time scales. 

The superconductor is excited by 20-fs 
(pump) pulses at 1.6 eV from a mode-locked, 
cavity-dumped Ti:sapphire laser operating at a 
2-MHz repetition rate. Mid-infrared (probe) 
pulses broadly tunable from 60 to 180 meV are 
derived from a newly developed difference fit- 
quency mixing scheme, with pulse durations 
typically of 150 fs (13). We present results for 
optimally doped (Tc = 88 2 0.7 K) and under- 
doped (Tc = 68 2 1,5 K) thin films of 
YBa2Cu30,, (YBCO). We achieved underdop- 
ing (deoxygenation) by sintering optimally 
doped films at reduced oxygen (14, 
15). The 200-nm-thick twinned films are c-axis 
oriented; thus the mid-infrared beam, polarized 
parallel to the sample surface, probes directly 
the (ab)-plane reflectivity. The change of the 
reflected mid-infrared intensity induced by the 
pump pulse is recorded as a function of delay 
and spectral position E,,, of the probe pulses 
(16). 

In the time-resolved mid-infrared response 
of optimally doped YBCO at EPmb, = 90 meV 
(Fig. 2A), a fast, subpicosecond reflectivity in- 
crease to AR/R, - 3 X loT3 is followed by a 
decay on a much longer time scale of about 5 
ps. With increasing sample temperature, the 
amplitude of ARIR, decreases and, around T,, 
changes its sign accompanied by a relaxation 
speedup. This distinction between reflectivity 
changes at temperatures T < T, and T > T, is 
confirmed by the transient spectra of ARIR, 
(Fig. 2, C and D). Below T, (Fig. 2C) (T = 
14 K), the spectra peak sharply at Eprob, = 90 
meV. The energy position of this peak and 
the zero crossing at 70 meV remains constant 
for all delay times. The same holds true for 
other temperatures below T,. Above T, (Fig. 
2D) (T = 94 K), the behavior drastically 
changes to a spectrally flat response. 

We now compare the time-resolved reflec- 
tivity spectra to the changes induced in the 
stationary (ab)-plane reflectivity R(o,T) as the 
sample temperature is raised from below to 
above T,. In Fig. 1 (A and C), the difference of 
reflectivity spectra of our samples above Tc (95 
K) and below Tc (20 K) is shown along with the 
normalized optical conductivity as obtained 
from Kramers-Kronig analysis. The optical con- 
ductivity, which is a measure of the oscillator 
strength, exhibits a broad depletion below about 

100 meV, which occurs with the onset of super- 
conductivity and corresponds to a peak in the 
difference reflectivity spectra around 100 meV. 
The shape of this peak closely matches our 
transient reflectivity spectra below Tc (Fig. 2C), 
which confirms that the ultrafast transients di- 
rectly show the ultrafast fill-in and subsequent 
recovery of this mid-infrared conductivity gap. 

Below T,, the dynamics in the optimally 
doped sample is dominated by the slow relax- 
ation of about 5 ps. Experiments probing the 
electrodynamic signature of the superconduct- 
ing condensate in the far-infrared (12) have 
shown that absorption of near-infrared photons 
strongly reduces the condensate density (with a 
concurrent increase of Drude-like quasiparticle 
absorption), which re-forms on the same 5-ps 
time scale observed here. A comparison with 
such results is straightforward as the far-infrared 
response obeys basic electrodynamic properties 
generally valid for any superconducting conden- 
sate. Thus, the conductivity gap dynamics in 
the mid-infrared is directly determined by 
the depletion and re-formation of the super- 
conducting condensate. With increasing 

Fig. 1. Stationary reflectivity and 
conductivity spectra of the sam- 
ples studied in the femtosecond 
experiments. (A and 6) Change 
R(T,) - R(T,) of the stationary 
reflectivity R(T) when tempera- 
ture was raised from Tb to T, for 
optimally doped [Tc = 88 K] (A) 
and underdoped [T, = 68 K] (B) 
YBCO. (C and D) Real part of 
optical conductivity u,(o,T) nor- 
malized t o  i ts value at T = 200 
K as obtained from Kramers- 
Kronig analysis of the reflectiv- 
i ty  spectra at various lattice 
temperatures for optimally 
doped (C) and underdoped (D) 
(T, = 68 K) YBCO. 

sample temperature,. the initial density of 
the condensate, and thus the amplitude of 
the reflectivity change, decreases (Fig. 2B, 
solid squares) (Eprob, = 90 meV). 

Much faster dynamics and featureless spec- 
tra are found for the reflectivity changes above 
T, (Fig. 2, A and D). This is attributed to 
cooling of a hot quasi-equilibrium electron gas, 
giving rise to reflectivity changes similar to 
those observed in metals (1 7). 

A direct association of the conductivity gap 
found below Tc with the superconducting gap 
has been impeded by the fact that the stationary 
reflectivity of underdoped cuprates shows a 
similar conductivity decrease to occur already 
below the pseudogap temperature T* > T, (T* 
.J 160 K in our underdoped sample) (5-8). 
Here, our femtosecond data provide a much 
clearer picture. Figure 3 shows time-resolved 
ARIR, data for the underdoped sample at two 
different spectral positions of E,,,, = 90 and 
145 meV. The data taken below T, (blue and 
black lines, lower panels) display-an overall 
dynamics, which extend well into the picosec- 
ond regime and cannot be described by a sin- 

Photon energy (meV) 

Fig. 2. Optimally doped T(K) Wavelength (pm) 
YBCO. (A) Transient re- 0 100 2015 10 2015 10 
flectivity change ARIR, = 7- 

lR(t)-RoI/R,[R(t~andR, ; 3  
are reflect~v~ty wlth and - 2 5 
without excitation, re- $ aO 

\ 

spectively] as a function 5 2 of time delay between 0 % 
near-infrared pump and 8 
mid-infrared probe pulses 5 1 -2 5 
(probe photon energy 
E ,,, = 90 meV; T, Sam- 
p!e temperature). (6) sol- f 
id squares, temperature e 
de~endence of A,.fT) = d 
A(~)IA(IO K), sh&n' for -1 0 1 2  3 4 5 6 100 150 100 150 
data below Tc where Tlme delay (pa) Photon energy (meV) 
AlTl = rnaxlA~'l~,I de- 
n& maximim aGplitude of transients at temperature T. Open circles, amplitude of the 41-meV 
resonance peak obtained from inelastic neutron scattering in (3) normalized to the 10 K value. (C 
and D) Transient differential reflectivity spectra at different time delays between pump and probe. 
Sample temperatures are T = 14 K << Tc (C) and T = 94 K > T, (D). 
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Fig. 3. Underdoped 
YBCO. Transient re- 
flectivity changes , 
AR(t)IR, at E ,, = ' a I 
90 meV (A a d 0 9  and 2 
E,,,, = 145 meV (C 

g o  and D) for different 
sampli temperatures. 8 (E) Temperature de- 
pendence of the nor- 2 
malized amplitude 
AN(T) (solid squares) lo 
defined as in Fig. 2B 
compared with ampli- ' 5 
tude of the 41-meV 
resonance peak (open 0  
circles) of a T, = 63 K 
underdoped YBCO 
sample, from (3). 

0 2 4 6  
Tlme drlry (pa) 

gle-for example, exponentially decaying- 
component. Above Tc, the transients are dom- 
inated by a fast component at early delay. 

We analyzed the data of Fig. 3 and results 
for other probe frequencies by singular value 
decomposition, a standard numerical procedure 
previously applied to, for example, analysis of 
transient femtosecond spectra in biomolecular 
spectroscopy (18). It finds the number of mutu- 
ally independent-that is, uncorrelated-com- 
ponents in a given input matrix containing the 
experimental data, where rows and columns rep- 
resent temporal and spectril positions, respec- 
tively. The resulting orthonormal basis set of 
functions is used to construct physically mean- 
ingful components by linear combination. As 
additional constraints, we have assumed that the 
(normalized) transients decay monotonically 
and that subpicosecond components have totally 
decayed for times longer than about 30 ps. The 
total signal is written AR(o,t) = xi ai(o) X bi(t), 
where aim) and bi(t) are spectrum and time 
evolution of the ith component. The results of 
this analysis are shown in Fig. 4. The W R ,  
transients are essentially described by two com- 
ponents, one with a slow decay (about 5 ps) and 
one with a much faster decay (about 700 fs). 
The slow component exhibits a decay dynamics 
(Fig. 4A) and a spectrum (Fig. 4B) almost iden- 
tical with that of the condensate in the optimally 
doped sample. In particular, it disappears com- 
pletely above T,. The fast component (Fig. 4A, 
spectra in Fig. 4C) exists both below and above 
Tc up to T* - 160 K where the reflectivity 
transients change their sign and the decay rate 
becomes even faster (Fig. 3, A and C, brown 
curves). 

The existence of the two dynamic compo- 
nents in the underdoped sample results in a 
temperature dependence of the W R ,  ampli- 
tudes that is different from the optimally doped 
sample. At E,,, = 90 meV, a large fraction of 
the optically induced reflectivity changes has 
faded out at Tc but a substantial part remains 
even for significantly higher temperatures (Fig. 
3E, solid squares). The above decomposition 
shows that this results from separate contribu- 
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Em= 145 mev 

0 2 4 6  
Tlme delay (pa) 

tions of fast and slow components (Fig. 4D, as 
determined from the singular value decomposi- 
tion amplitudes at E,,, = 90 meV) (19). 

The observation of two different reflectivity 
components on a femtosecond time scale al- 
lows us to draw a new picture of the mid- 
infrared response of underdoped cuprates. U1- 
trafast excitation of the electronic system leads 
to a breakup of both condensed pairs and a 
second type of correlated caniers. The decom- 
position in Fig. 4D gives the relative contribu- 
tion of those two types of quasiparticles. The 
dominating slow (about 5 ps) component fol- 
lows the gap related to condensed pairs and 
fades out at T, as in optimally doped samples. 
In contrast, the fast (about 700 fs) component 
exists up to the pseudogap temperature T*. It 
results from the breakup and re-formation of 
canier correlations, which have been ascribed 
to preformed pairs (20) or antiferromagnetic 
couplings (21). 

The electronic response probed at mid-infra- 
red energies far below the plasma frequency 
(-15,000 cm-') is determined' by intraband 
processes 5 100 meV close to the Fermi ener- 
gy, which are indirect transitions form+ by a 
charge excitation plus a momentum-conserving 
boson. Recent theories of the stationary infrared 
properties of cuprates (22, 23) suggest that the 
coupling to 41-meV antiferromagnetic (AF) 
spin fluctuations, which were observed as a 
resonance peak in inelastic neutron scattering 
(3) and treated theoretically in (21, 24), repre- 
.sen& the dominant process in momentum con- 
servation. As a result, the conductivity gap does 
not occur simply at twice the superconducting 
gap 28, (A, - 25 meV in YBCO) but includes 
the energy of the AF spin fluctuation. This 
model is strongly supported by a comparison of 
our femtosecond data with the strength of the 
41-meV AF resonance peak. The amplitude of 
this peak decreases with temperature, as shown 
in Figs. 2B and 3E (open circles). Our optical 
measurements show an identical behavior of the 
AR/RO amplitudes. The fact that charge-and- 
spin-related amplitudes are proportional gives 
independent support for a prominent role of AF 

- 1 0 1 2 3 4 5  
Tlme delay (p) 

- 
100 150 0  50 100 150 ( 

Photon energy (meV) Tempamtun (K) 

Fig. 4. Results of the singular value decomposition 
applied to the full data set for the underdoped 
sample, as explained in text. (A) Two components 
as normalized transients (black lines) obtained 
from decomposition at T = 14 K. Fast component 
retains its dynamics over temperature. For com- 
parison, data at T = 100 K (magenta) are shown, 
where only the fast component exists. (0 and C) 
Differential reflectivity spectra of the slow and 
fast transients at different temperatures: T.= 14 K 
(red squares), 50 K (olive circles), 75 K (magenta 
up triangles), 100 K (cyan down triangles), 145 K 
(blue diamonds).. (D) Amplitudes at E, ,, = 90 
meV of the fast (open circles) and s(Oow (solid 
diamonds) components obtained from decompo- 
sition in (B) and (C) together with the total AN(T) 
(solid line) from Fig. 3E. 

spin fluctuations in the mid-infrared absorption 
process. 

A recent theoretical analysis of stationary 
infrared spectra has shown that coupling of qua- 
siparticles to AF spin fluctuations is strong 
enough to support superconductivity up to Tc = 
100 K (22), neglecting, however, the pseudogap 
behavior in underdoped materials. Our data give 
evidence that the mid-infrared response below 
T_ of both optimally and underdoped material is 
dhinated by the superconducting condensate. 
This strongly suggests that indeed AF spin fluc- 
tuations play a prominent role for coupling in 
the superconducting condensate. 

In summary, ultrafast nonlinear optical 
experiments allow us to separate the super- 
conducting gap from the pseudogap contri- 
butions in the mid-infrared response of 
YBCO by monitoring their distinctly dif- 
ferent dynamics. 
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ALL-Optical Magnetic Resonance 
Semiconductors 

J. M. Kikkawa and D. D. Awschalom* 

A scheme is proposed wherein nuclear magnetic resonance (NMR) can be 
induced and monitored using only optical fields. In analogy to radio-frequency 
fields used in traditional NMR, circularly polarized light creates electron spins 
in semiconductors whose hyperfine coupling could tip nuclear moments. Time- 
resolved Faraday rotation experiments were performed in which the frequency 
of electron Larmor precession was used as a magnetometer of local magnetic 
fields experienced by electrons in n-type gallium arsenide. Electron spin exci- 
tation by a periodic optical pulse train appears not only to prepare a hyper- 
polarized nuclear moment but also to destroy it resonantly at magnetic fields 
proportional to the pulse frequency. This resonant behavior is in many ways 
supportive of a simple model of optically induced NMR, but a curious discrep- 
ancy between one of the observed frequencies and classic NMR values suggests 
that this phenomenon is more complex. 

Hyperfine interactions have been invaluable in 
probing solid-state systems. Optical pumping 
and detection of NMR (1-3) are sensitive mea- 
sures of localized electronic states in semicon- 
ductors (4, 5), and have advanced our under- 
standing of spin polarization in the quantum 
Hall regime (6). Instabilities of the electron- 
nuclear system that manifest in hysteresis of the 
electron magnetization have long been recog- 
nized (2, 7), and in quantum Hall systems this 
interplay has recently been found to be strong 
enough to dominate charge transport character- 
istics (8). Electron-nuclear coupling may also 
allow for the manipulation of coherent nuclear 
states in quantum computation (9). Here we 
propose that such interactions may enable the 
manipulation and detection of nuclear spin 
states with entirely optical methods, a scheme 
relevant to a broad variety of materials systems 
in which electron spins can be optically orient- 
ed and exhibit hyperfine coupling to nuclei. 

We have performed a series of experiments 
that reveal magnetic resonance phenomena in 
gallium arsenide (GaAs) semiconductors occur- 
ring in the vicinity of nuclear frequencies and 
induced by an optical pulse train. Using optical 
detection of the electron Larmor frequency as a 
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sensitive magnetometer, we find that optical 
pumping induces local fields up to -0.4 T in 
-250 s, which is nine orders of magnitude 
slower than typical electronic time scales and is 
suggestive of nuclear polarization by conduc- 
tion electrons. Furthermore, we propose that 
optical fields can resonantly tip nuclear mo-
ments, using periodically excited electron spin 
instead of conventional radio-frequency (RF) 
fields. Extending the technique of Larmor mag- 
netometry, we discover a depolarization of lo- 
cal magnetic fields that is indeed resonant with 
the periodicity of optical excitation. One of the 
two observed resonances fields lies within mea- 
surement error of that predicted by our model 
for optical NMR, whereas the other differs by 
-1 1% with the nearest isotope of the GaAs 
host. The latter finding is particularly surprising 
because the temperature and field dependence, 
time scale, linewidth, and optical saturation of 
the resonance amplitude are all consistent with 
our framework for NMR. Despite attempts to 
identify additional periodicities that might in- 
fluence resonance, h h e r  study is necessary to 
clarify its underlying mechanism. 

Time-resolved magneto-optical Faraday ro- 
tation, recently developed for measuring con-
duction band spln precession in semiconductors 
(10-13), is well suited for the study of nuclear 
moments in GaAs because the hyperfine inter- 
action is particularly large in this semiconductor 
(2). Our pump-probe experiments use short 
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(-100 fs) time-delayed optical pulses tuned 
near the band-gap energy of the semiconductor 
and focused to a diameter of -20 pm. A cir- 
cularly polarized pump pulse, incident along 
the sample normal i ,  excites an electronic mag- 
netization, q l i .  An in-plane external field, B I ~ ? 
induces the subsequent Larmor precession of S 
about i .  The projection of this spin motion 
along i is recorded by the Faraday rotation, OF, 
of a linearly polarized, time-delayed probe 
pulse (0, x S,). As the pump-probe delay At is 
scanned, precession o f S ( ~ t )  causes Sx(and thus 
0,) to oscillate at the Larmor frequency w, = 

g,p,B,,Jh. Because the total magnetic field 
B,,, is the sum of the applied field and any 
additional local fields experienced by the elec- 
trons, Larmor frequency measurements can be 
used for magnetometry of hyperfine fields 
whenever the electron g factor, g,, is known to 
be constant. 

Electron spin precession for an n-type GaAs 
crystal with n = 3 X 10'" cm-' and a trans- 
verse field strength of B = 5.19 T is shown in 
Fig. IA. The sample is held at temperature 
(T) = 5 K inside a magnetooptical cryostat 
containing a superconducting magnet. Details 
of sample preparation and measurement are 
given elsewhere (12). The pump's arrival at 
At = 0 initiates spin motion whose oscillatory 
frequency reflects a g factor of -0.44 and 
responds dynamically to changes in B,,,. The 
oscillation decay time T,*, despite a 100-fold 
decrease relative to data taken inzero field (12), 
exceeds the Larmor period by roughly two 
orders of magnitude and allows o, to be deter- 
mined to high precision. Successive measures 
of w, can then be used to capture changes in 
B,,, over long time scales. 

Because nuclear polarization can shift the 
electron spin resonance line (14), nuclear dy- 
namics induced by optical pumping should be 
measureable in real-time measurements of the 
Larmor frequency. Instead of studying w, by 
capturing dozens of spin revolutions, as in Fig. 
IA, we monitored a single revolution near the 
end of such a scan and used shifts in the Larmor 
angle, w,At, to establish changes in w, at a 
fixed value of the applied field. This strategy 
improved temporal resolution, and by repeated- 
ly sweeping At from 2660 to 2700 ps, the 
dynamics of B,,, a wL could be studied in 10-s 
intervals. The plot atop Fig. 1C shows the first 
scan, and subsequent scans are assembled in the 
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