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Abstract

A fadlity for performing time-resolved infrared spedroscopy has been developed at the NSLS,
primarily at beamline U12IR. The pulsed IR light from the synchrotron is used to perform
pump-probe spedroscopy. We present here adescription d the fadlity and results for the
relaxation d phaoexcitationsin bah a semicondctor and supercondtctor.
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INTRODUCTION

Synchrotron radiation has been used as an infrared light source for more than 10 yeas. The
advantages over traditional thermal sources, such as higher brightnessand more far infrared power, are
well known™. The pulsed nature of synchrotron radiation is ancther advantage over a thermal source.
When combined with a suitable pump source, synchrotron radiation may be used to perform
subranose@nd pump-probe spedroscopy.

The U12IR beamline of the National Synchrotron Light Source (NSLS) at Brookhaven National
Lab (BNL) was recently completed and commisgoned. Its key purpases are for time-resolved and far
infrared spedroscopies. In conjunction with a mode-locked Ti:sapphire laser as a pump, the beamlineis
capable of performing time-resolved spedroscopy ower a frequency range from 2 - 10,000cm™.

EXPERIMENT

The eperiments described here were condwted on the U12IR beamnline of the National
Synchrotron Light Source (NSLS) VUV ring at Brookhaven National Laboratory. This beamline has
two end stations which can be used for infrared (IR) spedroscopy®. One is a ommercial Bruker IFS
113/ spedrometer, suitable for the spedral range from 20 cm™ to 10,000cm™. The other is a lamell ar
grating interferometer that spans the 2-100cm™ spedral range”.

The time-resolved experiments make use of a pulsed laser synchronized with the IR pulses from the
synchrotron storage ring (the NSLS VUV ring) to perform pump-probe spedroscopy. The pump-probe
technigue uses a short pulse of light (the pump puse) to excite aspedmen. Then, at an arbitrary but
seledable time later, a second light pulse (the probe) senses the spedmen's edral properties at an
instant of time during the relaxation pocess To generate afull decay measurement, spedra ae
colleded over arange of relative times between the pump and robe pulses.

In our experiments, a mode-locked Ti:sapphire laser serves as the pump while the synchrotron
infrared is used for the spedroscopic probe. Depending on the operating conditions for the storage ring,
synchrotron puses are produwed at pulse repetition frequencies (PRFs) of 5.88MHz, 17.68MHz or
52.90MHz and with durations ranging from 0.2rs to 2rs. The laser is a austom Mira 900P from Coherent
Inc. Laser Group, poducing ~2ps duration puses at a PRF of 105.8MHz, twice that of the VUV ring.
In order to reduce the laser PRF to match the maximum for the synchrotron, an eledro-optic "pulse-
picker" is used to defled every other pulse. The rejeded puses are opticdly delayed and then re-
injeaed into the bean path next to the following pulse. This allows most of the power that would be
lost in the rejeded pusesto berecmvered. When needed, a subsequent pulse picker is used to match the



laser PRF to the two ather available PRFs for the synchrotron. The maximum measurable deceay time
(withou gating the spedrometer's detedor) is determined by the time between two successve pump
pulses, which is 170ns when the system is operated at 5.88MHz. Lastly, the time resolution is
determined by the aosscorrelation between the pump and pobe pulses, which is limited by the
minimum synchrotron puse durationto ~200¢s.

Laser pulses are maintained at a seledable time relative to the synchrotron puses using a standard
"Synchro-Lock" eledronics padage provided by Coherent. Under software cntrol, the user can seled
any desirable pump-to-probe delay time. There is also a provision for moduating (f~100Hz) the laser
arrival time by nealy 1ns, making "dithered" measurements posshble. In this case lock-in detedion can
be employed and the signa is the resporse time derivative. This is well-suited to a step scan
interferometer such as the lamellar grating spedrometer. Derivative spedra ae taken at a range of
arrival times and then integrated to give the time dependent resporse of the sample to the pump puse.
Spedrally averaged measurements may also be cmndwcted onthe lamellar by keeping the grating at a
fixed pasition (typicadly at zero path dfference) and making derivative measurements in the same
fashion as above. Such measurements are routinely performed prior to colleding full spedrain order to
survey signal levels and gauge the overall relaxationtime.

The Bruker 113v is arapid scan instrument where the interferometric moduation can extend from a
few Hz to 10s of kHz, making it incompatible with the dithered technique & used with the lamellar.
Instead, with the rapid scan interferometer, complete spedra are olleded at two different pump puse
arrival times. In order to reducethe dfeds of long term drifts and changes in number of stored eledrons
in the synchrotron, a series of interleaved spedra with the two delay times are taken, then separated and
averaged.

TIME-RESOLVED MEASUREMENTS OF MCT

As a test of the experiment setup, a sample @nsisting of a Hg,CdyxTe (MCT) epilayer on a
Cd(Zn)Te substrate was measured using both the lamellar and Bruker 113v. The MCT epilayer
composition paces the band gap nea 0.37eV, correspondng to the energy of ~3000cm™ phaons.
When eledrons are promoted from the valence band to the condction band, there is an increase in far
IR absorption from nohile darge cariers (intraband transitions). There is aso a @rrespondng
deaease in absorption very nea the gap frequency due to a reduction in bath fill ed valence band states
and empty condiction band states (interband transiti ons).

Given the laser power, spat size and repetition rate, a cdculation can be made of the expeded
number of carriers generated by ead pump puse. The laser has a repetition rate of 53 MHz, with an
average output power of 300 mW at the sample when operated at 800 nm wavelength. This leads to
approximately 2.3x10" phdons per laser pulse. Most of this fals into a 0.5cm diameter spat,
reasonably well-matched to the sample aperture. Thus, the phaon fluence is approximately 10" cm'
2 Taking refledance losss at the surfaceinto acourt (a fador of 2), the induwed eledron density

immediately after alaser puseis~5x10" cm™

Because the synchrotron light spans a wide spedral range, the probe pulses can also excite cariers.
This would lead to a "DC shift" in the measured time dependent resporse of the sample, since the
synchrotron puse is always coincident with itself. This effed may be etimated by cadculating the
incident power on the sample @ove the bandgap of the MCT (~ 3000 cm™). The lamellar grating
instrument uses brasswaveguide and thick palyethylene windows that sharply reduce the intensity of the
light above a few hunded wavenumbers, effedively eliminating the problem. For the mid IR
measurements, the average power below the autoff of the spedrometer's Ge:KBr beamsplitter (7000cm’
1 and above the MCT gap (3000cm™) is about 20 mW at an average bean current of 600 mA. This
level is further reduced by refledion losses at windows and the bean splitter, leading to an estimate of
10 mW for synchrotron pawver avail able for carrier generation. Thisislessthan 5% of the laser power,
and more or lessnegligible in this experiment. Since our experiments involve derivative measurements,
we ae adually insensitive to DC shifts of this nature.
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Figure 1. Far IR time-resolved photoinduced absorption of the MCT film at 5 K. The solid line is a fit
based on a Drude model with asinge type of carier.

Time resolved spedroscopy measurements were onduwcted onthe MCT sample using the lamellar
grating and Bruker 113v spedrometers. For the measurements using the lamellar grating, differential
spedra taken by moduating the arival time of the pump puse were @lleded and then integrated. The
integrated resporses were then dvided by the unexcited transmisson to give the phaoinduced
absorption spedrum -AT/T as a function d time. Figure 1 shows time-resolved spedra in the far IR
region for the MCT sample at T = 5 K. The data ae well described by a Drude model with fixed
scatering rate, which is interpreted as a single type of carier being resporsible for the observed change
in transmisson. The scatering rate in the fits is 17 cm™, consistent with the mobility of eledrons in
MCT. Thus the phaogenerated resporse is attributed exclusively to eledrons. This is the expeded
result, since the hdes cary much less oscill ator strength due to their larger effedive mass The film
thicknessis approximately 15 um, an order of magnitude larger than the penetration cepth of the laser
light (~ 1 um). For this analysis, the cariers were sssumed to have aunform distribution throughou
thefilm. It is noted that at the long wavelengths used here, the far IR probe is sensitive only to the shed
resistance of the cariers and the meaningful quantity extraded is the number of cariers per unit area
The oscill ator strengths from the Drude analysis of the transmisson data are fit with a wnvolution d the
probe pulse with a biexporential decay. A plot of the oscill ator strengths with the fit is siown in Figure
2. The fit yields a maximum oscill ator strength (propational to the carier density) of 890 cm?
immediately following the pump puse. Asauming an effedive massm*=0.07 m,, the carier density is

2.6x10" cm?, in reasonable ayreament with the predicted value of 5 x 10 cm.



500 ) l ) l ) l )

400 |- —

300 - —
E 200 |- —
N3D. I

B From Drude Analysis
100 — Fit
O [ l [ l [ l [

Time (ns)

Figure 2. Oscill ator strengths from the Drude model fits to the far IR photoinduced absorption. The
lineisafit based on a mnvolution of a Gausdan probe pulse with a biexponential decsy.

Measurements in the mid-infrared range were caried ou on the Bruker 113v. The resulting
spedra, shown in Figure 3, reved phaoinduwced beading nea the gap edge. This is attributed to a
reduction in avail able states for absorption as some of the dedrons are promoted from the valence band
to the condction bkand. The sum rule for oscill ator strengths gates that an increase in oscill ator strength
in one spedral range must be cmmpensated by an equal reduction in aoscill ator strength elsewhere. To
compare the oscill ator strength in the far and mid infrared measurements, we integrate the phaoinduced
absorption over frequency at ead delay for the two ranges. These integrals are plotted in Figure 4. The
plot shows that the sum rule is semi-quantitatively satisfied, with the oscill ator strength gained in the far
IR region being removed from the gap edge. The locd laser intensity was nat acairately measured in
eath case, leading to the possbility of substantial error bars in the overal magnitude. The time
dependence of the ecitationsis nat in good agreanent. We speaulate that this may be due to processes
occurring above the gap which are not observable in the mid infrared transmiss on measurement.
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Figure 3. Mid IR time-resolved photoinduced absorption in an MCT film. The dashed verticd line &
3000cm™ marks the location of the gap.

TIME-RESOLVED MEASUREMENTS OF SUPERCONDUCTING Pb FILMS

Time-resolved measurements were dso conducted on superconducting Pb films. Paired eledrons
can be broken by incident phaons of sufficient energy. This results in an excess density of unpaired
"quasiparticle" excitations. As s$own by Owen and Scdaping’, excess quasiparticles reduce the
superconducting gap. Far IR transmisgon experiments are sensitive to this gap change and can be used
to follow the supercondLicting state as the quasi particles recombine into Cooper pairs.

Thin films of lead were grown in situ on a sapphire substrate in a He-tran cryostat used for the
opticd measurements. The substrate was clamped to the cld finger with indium foil gaskets to insure
high thermal conductivity. The Pb was evaporated from a tungsten basket heaer onto the substrate held
a T =80K. Based on pevious experiments with a similar technique, film thicknesses were estimated
to be gproximately 100 angstroms. The film thicknesswas nat measured because the apparatus has no
in situ thicknessmonitor and the films did na survive being warmed to room temperature; thus, external
measurements were dso na posshle.



1.25 . - T -

1.00 | . 4
0.75 | S i
0.50 | “H-. 4

0.25 |- -

ATIT

0.00

'025 = __-__ FIR ./. . -
0.50 |- —@— MdR / _

-0.75 | -

Integrated

-1.00 |-

-1.25 ' : L -

Time (ns)

Figure 4. Integrated photoinduced absorption for the MCT film in the far and mid infrared regions.

In the time-resolved measurements reported here, the lamellar interferometer was fixed at zero path
difference (ZPD) and the laser delay was dithered. The detedor signal then is the spedrally averaged
differential transmisgon, as described above. A typicd dither amplitude was between 200 and 600 [s.
The laser power was kept low (~ 20mW or lesg to limit sample heaing and maintain alinea resporse.
Since the transmisson d the sample is temperature dependent below T, the average signal at the
detedor may be used as a thermometer to determine the anourt of sample heaing. The temperature rise
for afilm with a 10% transmisgonin the normal state was 0.15K at 3.5K.

The differential (dithered) phaoinduwced signal was aoquired at pump-to-probe delay values
spanning the etire 18.9rs time interval between puses, and then integrated to give the time-dependent
resporse. Figure 5 shows a plot of the integrated resporse of a 10% transmitting Pb film for
temperatures between 3.75K and 6 K. The results indicae a two comporent decay, similar to that
observed by Johrson in transient eledricd current experiments on Nb films®. The magnitude of the
slow comporent is constant with temperature. The slow decay showsllittl e or no curvature over the 18.9
ns between puses, suggesting a lifetime longer than 18.9ns. The fast response increases with reduced
temperature and is too fast to be resolved by the particular synchrotron probe pulses used for this
measurement.

A seoond experiment on a film with a 30% transmisson in the normal state was performed using
shorter synchrotron probe pulses. Figure 6 shows the results of the integrated resporse of thisfilm. The
shorter bunches all ow the resolution d the decay at 3.75K yielding alifetime of 200 .
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Figure 5. Frequency averaged change in transmisson for a Pb film with a 10% transmisson in the normal
state. Thefits give apulse width of ~500 s, which istoowide to resolve the fast decy.

SUMMARY

These experiments demonstrate the caabiliti es of the U12IR beanline for use in measuring time-
resolved spedrain the far and mid infrared regions. The pump-probe methodis effedive with bah step
scan and rapid scan instruments, covering a range from 2 cm™ to 10,000cm™ with a maximum time
resolution d 200 . The investigations of quasiparticle recombinationin Pb films resulted in the dired
measurement of the quasiparticle lifetime. The time-resolved, frequency averaged resporse showed a
two comporent decgy similar to that reported in transient eledricd measurements of Nb films. The fast
resporse varied strondy with temperature and was ascribed to the recmbination o excess
quasiparticles. The slow response was nealy constant over the range of temperatures measured and was
ascribed to sample heding. A maximum time resolution to date was achieved with probe pulse widths
of ~300 .
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Figure 6. Time-resolved change in frequency averaged transmisdon for aPb film at 3.75 K. The film has
a 30% transmisgon in the normal state. This measurement was taken with a short bunch synchrotron
latticeyielding a pulse width of 270ns. Thefit gives arecmmbination time of 200 fs.

In sum, the U12IR beanline has proved to be auseful tod for sample charaderizaion and the
investigation d some of the fundamental phenomena of solid-state physics. The broad frequency and
time scde ranges allow the study d a host of systems. Current experiments are limited to temperatures
above 3 K and sample heaing bythe laser has proved to be a ©ncern in some instances. The aldition
of an immersion cryostat, presently being commissoned, will allow lower temperatures and higher
fluences whil e at the same time reducing sample heaing effeds.
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