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Spin precession and the optical Stark effect in a semiconductor-doped glass
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Femtosecond-resolved pump-probe techniques are used to investigate spin-dependent phenomena in a
semiconductor-doped glass at temperatures from 6 to 300 K and in magnetic fields from 0 to 2 T. Faraday
rotation experiments reveal nanosecond-scale spin lifetimes at zero field that are decreased by an order of
magnitude in a transverse field of 2 T. Differential transmission measurements are used to study the optical
Stark shift of the absorption edge as the pump energy is tuned below the semiconductor band gap. A pro-
nounced polarization dependence of the Stark shift is observed, yielding 3.8 meV~1.6 meV! shifts for co-
polarized~cross-polarized! pump and probe beams. These experiments demonstrate a method of polarization-
sensitive optical control in semiconductor nanostructures on;100-fs time scales.
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The strong nonlinear optical properties of nanocrystals
semiconductor-doped glasses~SDG! present opportunities to
study the effects of quantum confinement on the nonlin
optical susceptibility,1 and for the use of these materials
fast optoelectronic devices. In addition, there is a rapi
growing interest in the use of carrier spin in semiconduc
quantum structures as a medium for the storage of clas
and quantum information.2 Towards this end, semiconducto
quantum dots have been proposed as a candidate for s
state quantum computation,3 supported by recent measur
ments of spin coherence in chemically synthesized quan
dots suspended in an organic polymer film.4 Time-resolved
optical studies of carrier energy relaxation in these syste
have revealed a dependence of relaxation rates on the de
of surface passivation and the importance of Auger-like
laxation through photoionization into the surroundi
matrix.5,6 Because SDG consist of quantum dots prepare
a glass matrix,7 measurements of spin coherence in the
systems may enable studies of matrix effects on the s
dynamics of localized carriers over a broad range of na
crystallite sizes.

Here we present pump-probe optical studies that mea
spin coherence and spin-dependent nonlinear optical eff
in one of a series of commercially available semiconduc
doped glasses~Corning 2-73! consisting of;6-nm-diameter
CdS12xSex (x;0.5) quantum dots.1 Comparable to previous
studies in CdSe quantum dots,4 time-resolved Faraday rota
tion ~TRFR! experiments reveal nanosecond-scale spin
herence lifetimes that are reduced upon application o
transverse magnetic field. However, in contrast to the mu
periodic spin precession observed previously~with g factors
ranging from 1.2 to 1.7!,4 the data here are well described b
a singleg factor of 1.52. Differential transmission~DT! mea-
surements where the pump energy is tuned below the s
conductor band gap show a rigid shift of the SDG absorpt
edge. This shift is consistent with an optical Stark effec8

and is seen to depend strongly on the relative polarization
the pump and probe, thus demonstrating the ability to p
form polarization-sensitive control of optical absorption
100-fs time scales.

The experiments are performed in a magneto-opt
cryostat capable of magnetic fieldsH<7 T and temperature
0163-1829/2001/63~8!/085303~4!/$15.00 63 0853
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from 2 to 300 K. An optical parametric amplifier operating
250 kHz is used to produce;150-fs pump pulses of energy
tunable light (Ep51.7– 2.6 eV,;10-meV bandwidth! and
probe pulses consisting of a white-light continuum. T
pump and probe beams are focused to a;100-mm spot on
the sample using an achromatic lens (f /5). In time-resolved
Faraday rotation, a circularly polarized pump pulse exci
electron-hole pairs that are spin-polarized along the opt
path. In the presence of a transverse magnetic field,
pump-injected spins comprise a coherent superposition
spin eigenstates that are quantized along the magnetic
axis. Because these states are Zeeman split in energy
temporal evolution of this superposition results in a quant
beating that corresponds to Larmor spin precession abou
magnetic field. The Faraday rotation of linearly polariz
probe pulses is proportional to the component of spin alo
the laser direction, and oscillates at the Larmor frequen
nL5gmBH/h, as a function of pump-probe time delay. Afte
passing through the sample, the white-light probe is sp
trally resolved using a1

8-m spectrometer. The Faraday rot
tion is then differentially detected using a balanced photo
ode bridge.9 To improve the signal-to-noise ratio, the pum
helicity is alternated at 50 kHz using a photoelastic modu
tor, the probe is mechanically chopped, and the differe
signal of the bridge is detected using lock-in amplifier tec
niques.

In order to monitor pump-induced changes in optical a
sorption, we measure differential transmission spectra
fined as DTS(Ed)[@T(Ed)2T0(Ed)#/T0(Ed), whereT(Ed)
andT0(Ed) are the probe transmissions detected at an ene
Ed with and without the pump, respectively. These measu
ments are typically performed with circularly polarize
pump and probe pulses whose relative helicity is set b
computer-controlled variable retarder in the probe path. T
probe is spectrally resolved after transmission through
sample using a 0.5-m spectrometer equipped with a ph
multiplier tube~for single wavelength DTS!, and a thermo-
electrically cooled dual-channel photodiode array detec
~for broad spectral resolution!. The effects of laser noise ca
be reduced when using the diode array by splitting of
portion of the probe before the sample to serve as a refere
that is detected by the second channel and to which the tr
©2001 The American Physical Society03-1
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mitted probe is normalized. Typically, 200 transmissi
spectra acquired in 20-ms exposures are averaged in ord
resolve changes in DTS of;1023. Gray-scale images o
DTS are calculated from data sets comprising averaged s
tra at each value of pump-probe delay, whereT0 is taken
from spectra at negative time delay. Because the white-l
continuum exhibits a substantial chirp of;55 fs/nm, chirp
correction of the DTS is performed in software using a ca
bration function obtained from measurements of two-pho
absorption in a GaN epilayer.10

A comparison of simultaneously collected Faraday ro
tion and DTS decays atT56 K is shown in Fig. 1~A!. The
decay of Faraday rotation yields an effective transverse
lifetime, T2* which can include both longitudinal and tran
verse spin relaxation processes. For pump energies la
than the semiconductor band gap, the decay of DTS at fi
Ed generally reflects both energy relaxation and recomb
tion processes~with a linearly polarized probe, the contribu
tion from spin relaxation is absent!. Energy relaxation in this

FIG. 1. ~A! Comparison of TRFR and DTS atT56 K taken
with pump energyEp52.243 eV~3.5 GW/cm2!, and probe energy
Ed52.227 eV. ~B! Field-dependent spin lifetimes atT5105 K.
Data are taken atH50 and 2 T withEp52.236 eV~0.15 GW/cm2!,
andEd52.205 eV.T2* decreases from;1 ns at zero field to,60 ps
at H52 T. Inset: fast Fourier transform of 2-T data.
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sample is relatively fast~,1 ps!, indicating that slower dy-
namics reflect a recombination lifetime,Trec. Both decays
are typically biexponential, with components,100 ps and
.1 ns.11 Because the measured spin lifetimes in undop
samples are convolved with the carrier lifetime, it is useful
compare the decay times from differential transmission sp
tra and Faraday rotation. In comparing the longer lifetim
component, we see that the differential transmission dec
more slowly than the Faraday rotation (Trec;7 ns versus
T2* ;1 ns), indicating that the spin lifetime is not limited b
carrier recombination processes. The data atT5105 K in
Fig. 1~B! shows that in the presence of a transverse magn
field, spin lifetimes in the SDG are reduced from;1 ns at
zero field to;60 ps at 2 T. This is similar to previous resul
in CdSe quantum dots~QDs!,4 where the field-dependen
spin lifetimes were attributed to inhomogeneous dephas
effects arising from a distribution ofg factors in the sample
The inset to the figure shows a fast Fourier transform of
2T data that indicates a Larmor frequency of 42.7 GHz, c
responding to a sping factor of 1.52. This value is close t
one of theg factors observed in the CdSe QD’s, although
is interesting to note that here we only observe one dis
guishable precession frequency. As discussed previously4 it
is difficult to definitively ascertain the species responsible
spin precession in these systems, given the strongly cou
nature of electrons and holes in nanometer-sized clusters
also note that spin coherence has been observed in the
at T5290 K, where the zero-field lifetime is;360 ps, rep-
resenting a 60% decrease versus the value atT56 K. We
observe no change ing factor over the entire temperatur
range studied (T56 – 290 K). During these measuremen
care was taken to adjust the pump and probe energie
track the temperature-dependent absorption spectrum
exhibits a redshift of;100 meV over this range.

The optical Stark effect in semiconductors is manifes
as a blueshift of energy levels that is induced by a pu
beam tuned below the band gap.12,13Excitonic Stark shifts in
semiconductors were first described by exploiting the an
ogy with ‘‘dressed atoms’’ where the shift occurs as a res
of coupling between virtual excitations and pump photons12

Subsequent theories explained Stark shifts in terms of in
actions between virtual and real excitons created by
.

.

FIG. 2. ~A! Linear transmission spectrum
Black arrows indicate pump energies ofEp

52.119 eV for~B! and~C! andEp52.275 eV for
~D! and~E!. ~B!–~E! DTS with a pump intensity
of 2.75 GW/cm2, and co-circular pump/probe
~B! and ~D! are linecuts of~C! and ~E!, respec-
tively, at Ed52.25 eV. All data are taken atT
56 K.
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FIG. 3. Variation of DTS with probe helicity
at T5300 K, Ep52.039 eV. Pump intensity
54.5 GW/cm2 in ~A!, 10.0 GW/cm2 in ~B!–~D!.
~A! DTS with Ed52.153 eV. ~B! Spectrally re-
solved difference in DTS of co-polarized an
cross-polarized probe beams.~C! and ~D! Chirp-
corrected transmission data showing a rigid sh
of the absorption edge att50.
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pump and probe photons, respectively.14 In solid-state sys-
tems, observation of the Stark shift is made possible by
high peak intensities of order 106– 109 W/cm2 available from
short-pulse lasers. Due to the virtual nature of the exc
tions, the measured shift only lasts for the pump-probe c
relation time ~;250 fs!, which we obtain from the two-
photon absorption experiment in GaN mentioned abo
Because the optical Stark effect has been widely studie
atomic systems,15 quantum dots~with an atomiclike density
of states! are a useful arena in which to study similarities a
differences of Stark shifts in semiconductor systems. In m
surements of DTS, the Stark shift should appear as a pea
zero delay whose amplitude is maximal when the detec
energy,Ed , corresponds to an extremum ofda/dE, where
a(E) is the semiconductor absorption spectrum.8

In order to clearly observe the Stark shift, the pump e
ergy and intensity must be adjusted to minimize the gen
tion of real electron-hole pairs. The linear transmission sp
trum of the SDG atT56 K in Fig. 2~A! shows that the
sample becomes absorptive for energies greater than;2.22
eV, with maximal absorption reached by 2.26 eV. The d
in Figs. 2~D!–2~E! are taken with a pump energyEp
52.275 eV and indicate a strong pump-induced transmiss
of the probe that persists for nanoseconds@cf. Fig. 1~A!#. The
spectral peak of this feature from the data in Fig. 2~E! occurs
at Ed52.254 eV, indicating that carriers have energy relax
;20 meV within the time resolution of the experiment. T
full width at half maximum~FWHM! of this peak is 23 meV
and may reflect contributions from an inhomogeneous dis
bution of ground-state energies in the quantum dots. A li
cut of this data atEd52.25 eV is shown in Fig. 2~D! that is
characterized by a 100-fs rise time to a flat plateau. In c
trast, long-lived contributions to the DTS are diminished
Ep52.119 eV, leaving a prominent feature at zero delay
Fig. 2~B! whose temporal width of 250 fs matches that of t
pump-probe correlation. From Fig. 2~C! we see that this fea
ture peaks at an energy ofEd52.247 eV, which is near to
that expected from a calculation ofda/dE using the data in
Fig. 2~A!. The spectral width of the bright feature from
vertical linecut through the data in Fig. 2~C! at t50 ps is
;30 meV. As expected, this corresponds to the width of
absorption edge since the Stark shift is only measurabl
DTS whereda/dEÞ0. The optical Stark effect has bee
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observed in this sample fromT56 – 300 K and is compa-
rable to that obtained in earlier studies.8

Polarization resolution of the optical Stark effect has be
useful in separately identifying conduction- and valenc
band shifts of exciton transitions in GaAs/AlxGa12xAs
quantum-well samples.16 The optical selection rules in zinc
blende semiconductors predict that shifts measured when
pump and probe are cross-polarized solely arise from
conduction band. While this band picture only approxima
the situation in these quantum dots, we do observe a sig
cant polarization difference in the optical Stark effect b
tween co-polarized and cross-polarized pump/probe bea
Recent calculations of exciton states in CdSe quantum
have indicated that state-mixing plays an important role
determining the energy spectrum and optical select
rules,17 an effect that might set an upper limit on the me
sured polarization dependence of Stark shifts in this sam
Figure 3~A! shows that at high excitation intensity, the DT

FIG. 4. ~A! Stark shift vs pump intensity withT5300 K, Ep

52.033 eV, andEd52.153 eV ~solid lines are fits to the low-
intensity data!. ~B! Variation of the Stark shift with pump detunin
at T5300 K with Ed52.153 eV, pump intensity50.7 GW/cm2.
Solid lines are qualitative fits as described in the text. Solid symb
are calculated from DTS taken using the photomultiplier tube, wh
open squares are obtained from direct measurements of shifts
Figs. 3~C! and 3~D!.
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typically contain both the peak due to the Stark shift at z
delay and a longer-lived feature that could be due to tw
photon absorption or residual overlap of the pump with
tail of the absorption spectrum. Because two-photon p
cesses excite high-energy carriers given byEp1Ed;4 eV,
the relatively slow;500-fs rise time of this feature coul
indicate the time for carriers to relax down toEd , where they
contribute to the DTS. The data in Fig. 3~B! are the differ-
ence in DTS between co-polarized and cross-polarized p
beams and indicate that little polarization exists after
Stark shift peak, which may reflect concurrent energy a
spin relaxation of two-photon generated carriers. There
significant dependence of this long-lived component on
pump energy, however, that is not expected for two pho
processes untilEp1Ed,Egap,

10 which indicates that absorp
tion into low-energy states in the SDG may also contribu
Figures 3~C!–3~D! are taken from linecuts at a fixed tim
delay of chirp-corrected probe transmission data prior to
culation of the DTS, thus allowing direct observation of t
pump-induced shift of the absorption edge. By compar
the transmission spectrum at negative time delay with
spectrum att50 ps, we are able to measure a blueshift of
meV for a co-polarized probe, and 1.6 meV for a cro
polarized probe. Because of the high intensities used
these scans, the spectrum does not completely recovert
.0 ps ~not shown!, indicating the inadvertent generation
real carriers. We note that comparable shifts at lower pu
energy (Ep52.019 eV) have been observed which sho
complete recovery of the spectrum fort.0 ps.

Calculations of Stark shifts in semiconductors in the p
turbative regime~low intensity and large detuning! predict a
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shift that is proportional to the pump intensity and inverse
proportional to the pump detuning.14 Figure 4~A! shows the
dependence of the optical Stark effect on pump intensity
a pump detuning given byEd2Ep5120 meV. We generally
observe a departure from linearity~solid lines! as the pump
intensity is increased that is consistent with previous stud8

and has been theoretically described using a many-b
treatment.18 As the pump detuning is increased, the po
where the dependence becomes nonlinear shifts tow
higher intensities and there is an overall decrease in the S
shift at fixed pump intensity@Fig. 4~B!#.19 The solid lines in
Fig. 4~B! are qualitative fits to the data of the forma
1b/x, wherex is the pump-probe detuning andb is propor-
tional to the pump intensity. While the data are consist
with theoretical expectations, more quantitative analysis
difficult given the unresolved nature of exciton states and
spectrally broad absorption edge that leads to unavoid
generation of real carriers at smaller pump detuning.

In summary, Faraday rotation experiments have revea
nanosecond-scale spin dynamics in a semiconductor-do
glass that persist to room temperature. Femtosecond-reso
differential transmission spectroscopy was used to prod
direct measurements of the optical Stark effect and to st
its dependence on polarization, pump intensity, and pu
detuning. The combination of these techniques may ena
optical control of spin coherence by using off-resona
pulses to produce Stark shifts of energy levels during
coherent evolution of spins in a transverse magnetic field
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