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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(Im&@Vhe\j shifts for co-
polarized(cross-polarizedpump and probe beams. These experiments demonstrate a method of polarization-
sensitive optical control in semiconductor nanostructures-@A0-fs time scales.

DOI: 10.1103/PhysRevB.63.085303 PACS nunider71.35.Ji, 42.50.Md, 42.50.Hz, 78.47%

The strong nonlinear optical properties of nanocrystals irfrom 2 to 300 K. An optical parametric amplifier operating at
semiconductor-doped glass&DG) present opportunities to 250 kHz is used to produce 150-fs pump pulses of energy-
study the effects of quantum confinement on the nonlineatunable light €,=1.7-2.6 eV, ~10-meV bandwidth and
optical susceptibility}, and for the use of these materials in probe pulses consisting of a white-light continuum. The
fast optoelectronic devices. In addition, there is a rapidlypump and probe beams are focused te-H00-um spot on
growing interest in the use of carrier spin in semiconductorthe sample using an achromatic leri¢5). In time-resolved
qguantum structures as a medium for the storage of classicélaraday rotation, a circularly polarized pump pulse excites
and quantum informatiohTowards this end, semiconductor electron-hole pairs that are spin-polarized along the optical
guantum dots have been proposed as a candidate for soligath. In the presence of a transverse magnetic field, the
state quantum computatiSnsupported by recent measure- pump-injected spins comprise a coherent superposition of
ments of spin coherence in chemically synthesized quanturspin eigenstates that are quantized along the magnetic field
dots suspended in an organic polymer ffifime-resolved axis. Because these states are Zeeman split in energy, the
optical studies of carrier energy relaxation in these systemtemporal evolution of this superposition results in a quantum
have revealed a dependence of relaxation rates on the degreeating that corresponds to Larmor spin precession about the
of surface passivation and the importance of Auger-like remagnetic field. The Faraday rotation of linearly polarized
laxation through photoionization into the surrounding probe pulses is proportional to the component of spin along
matrix>® Because SDG consist of quantum dots prepared ithe laser direction, and oscillates at the Larmor frequency,
a glass matri¥, measurements of spin coherence in thesey, =gugH/h, as a function of pump-probe time delay. After
systems may enable studies of matrix effects on the spipassing through the sample, the white-light probe is spec-
dynamics of localized carriers over a broad range of nanotrally resolved using g-m spectrometer. The Faraday rota-
crystallite sizes. tion is then differentially detected using a balanced photodi-

Here we present pump-probe optical studies that measuiee bridge’ To improve the signal-to-noise ratio, the pump
spin coherence and spin-dependent nonlinear optical effecteelicity is alternated at 50 kHz using a photoelastic modula-
in one of a series of commercially available semiconductortor, the probe is mechanically chopped, and the difference
doped glassefCorning 2-73 consisting of~6-nm-diameter  signal of the bridge is detected using lock-in amplifier tech-
CdS,_,Se, (x~0.5) quantum dotd Comparable to previous niques.
studies in CdSe quantum ddtsime-resolved Faraday rota- In order to monitor pump-induced changes in optical ab-
tion (TRFR) experiments reveal nanosecond-scale spin cosorption, we measure differential transmission spectra de-
herence lifetimes that are reduced upon application of dined as DTSE)=[T(Ey) —To(Eq) 1/ To(Eq), whereT(Ey)
transverse magnetic field. However, in contrast to the multiandTy(E,) are the probe transmissions detected at an energy
periodic spin precession observed previoushith g factors  E4 with and without the pump, respectively. These measure-
ranging from 1.2 to 1,7* the data here are well described by ments are typically performed with circularly polarized
a singleg factor of 1.52. Differential transmissidiDT) mea-  pump and probe pulses whose relative helicity is set by a
surements where the pump energy is tuned below the semgéomputer-controlled variable retarder in the probe path. The
conductor band gap show a rigid shift of the SDG absorptiorprobe is spectrally resolved after transmission through the
edge. This shift is consistent with an optical Stark effect, sample using a 0.5-m spectrometer equipped with a photo-
and is seen to depend strongly on the relative polarizations ofultiplier tube (for single wavelength DTS and a thermo-
the pump and probe, thus demonstrating the ability to perelectrically cooled dual-channel photodiode array detector
form polarization-sensitive control of optical absorption on(for broad spectral resolutionThe effects of laser noise can
100-fs time scales. be reduced when using the diode array by splitting off a

The experiments are performed in a magneto-opticaportion of the probe before the sample to serve as a reference
cryostat capable of magnetic fieltls<7 T and temperatures that is detected by the second channel and to which the trans-
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A H=0T 103 sample is relatively fast<1 p9, indicating that slower dy-

o 8: T=6K | 02 namics_ reflect.a recoml:_)inatiqn lifetimé&,... Both decays

é E  T~Tns “Y are typically biexponential, with components100 ps and
= 4 =101 >1 ns! Because the measured spin lifetimes in undoped
A Toeldme samples are convolved with the carrier lifetime, it is useful to
Ofe . . . 10 compare the decay times from differential transmission spec-
0 1000 2000 tra and Faraday rotation. In comparing the longer lifetime

Delay (ps)

component, we see that the differential transmission decays
more slowly than the Faraday rotatiofM {-~7 ns versus
T3 ~1ns), indicating that the spin lifetime is not limited by
carrier recombination processes. The datal at105K in
Fig. 1(B) shows that in the presence of a transverse magnetic
field, spin lifetimes in the SDG are reduced fronl ns at
zero field to~60 ps at 2 T. This is similar to previous results
in CdSe quantum dot$QDs),* where the field-dependent
spin lifetimes were attributed to inhomogeneous dephasing
effects arising from a distribution @ factors in the sample.
The inset to the figure shows a fast Fourier transform of the
2T data that indicates a Larmor frequency of 42.7 GHz, cor-
responding to a spig factor of 1.52. This value is close to
one of theg factors observed in the CdSe QD'’s, although it
is interesting to note that here we only observe one distin-
guishable precession frequency. As discussed previdusly,
mitted probe is normalized. Typically, 200 transmissionis difficult to definitively ascertain the species responsible for
spectra acquired in 20-ms exposures are averaged in order $pin precession in these systems, given the strongly coupled
resolve changes in DTS of 10 3. Gray-scale images of nature of electrons and holes in nanometer-sized clusters. We
DTS are calculated from data sets comprising averaged spegtso note that spin coherence has been observed in the SDG
tra at each value of pump-probe delay, whé&igis taken at T=290K, where the zero-field lifetime is 360 ps, rep-
from spectra at negative time delay. Because the white-lightesenting a 60% decrease versus the valu&=aé K. We
continuum exhibits a substantial chirp ef55 fs/nm, chirp  observe no change ig factor over the entire temperature
correction of the DTS is performed in software using a cali-range studied T=6-290K). During these measurements,
bration function obtained from measurements of two-photorcare was taken to adjust the pump and probe energies to
absorption in a GaN epilayé?. track the temperature-dependent absorption spectrum that
A comparison of simultaneously collected Faraday rotaexhibits a redshift of~100 meV over this range.
tion and DTS decays &t=6 K is shown in Fig. 1A). The The optical Stark effect in semiconductors is manifested
decay of Faraday rotation yields an effective transverse spias a blueshift of energy levels that is induced by a pump
lifetime, T% which can include both longitudinal and trans- beam tuned below the band g Excitonic Stark shifts in
verse spin relaxation processes. For pump energies largeemiconductors were first described by exploiting the anal-
than the semiconductor band gap, the decay of DTS at fixedgy with “dressed atoms” where the shift occurs as a result
Eq4 generally reflects both energy relaxation and recombinaef coupling between virtual excitations and pump photbtns.
tion processes$with a linearly polarized probe, the contribu- Subsequent theories explained Stark shifts in terms of inter-
tion from spin relaxation is absenEnergy relaxation in this actions between virtual and real excitons created by the
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FIG. 1. (A) Comparison of TRFR and DTS at=6 K taken
with pump energyE, = 2.243 eV(3.5 GW/cnf), and probe energy
Ey=2.227¢eV. (B) Field-dependent spin lifetimes &t=105K.
Data are taken & =0 and 2 T withE,=2.236 eV(0.15 GW/cr),
andE4=2.205eV.T}5 decreases front1 ns at zero field te<60 ps
atH=2T. Inset: fast Fourier transform of 2-T data.
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(B) and (D) are linecuts of(C) and (E), respec-
tively, at E;=2.25eV. All data are taken at
=6 K.
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pump and probe photons, respectiviiyin solid-state sys- observed in this sample fromi=6-300K and is compa-
tems, observation of the Stark shift is made possible by theable to that obtained in earlier studfes.
high peak intensities of order $61¢° W/cn? available from Polarization resolution of the optical Stark effect has been
short-pulse lasers. Due to the virtual nature of the excitauseful in separately identifying conduction- and valence-
tions, the measured shift only lasts for the pump-probe corband shifts of exciton transitions in GaAs/Sla _,As
relation time (~250 fg, which we obtain from the two- quantum-well sample®. The optical selection rules in zinc-
photon absorption experiment in GaN mentioned aboveplende semiconductors predict that shifts measured when the
Because the optical Stark effect has been widely studied ipump and probe are cross-polarized solely arise from the
atomic systems; quantum dotgwith an atomiclike density conduction band. While this band picture only approximates
of stateg are a useful arena in which to study similarities andthe situation in these quantum dots, we do observe a signifi-
differences of Stark shifts in semiconductor systems. In meacant polarization difference in the optical Stark effect be-
surements of DTS, the Stark shift should appear as a peak iyeen co-polarized and cross-polarized pump/probe beams.
zero delay whose amplitude is maximal when the detectiolRecent calculations of exciton states in CdSe quantum dots
energy,Eq4, corresponds to an extremum o&/dE, where  have indicated that state-mixing plays an important role in
a(E) is the semiconductor absorption spectrim. determining the energy spectrum and optical selection
In order to clearly observe the Stark shift, the pump envules!’ an effect that might set an upper limit on the mea-
ergy and intensity must be adjusted to minimize the generasured polarization dependence of Stark shifts in this sample.
tion of real electron-hole pairs. The linear transmission specFigure 3A) shows that at high excitation intensity, the DTS
trum of the SDG atT=6 K in Fig. 2A) shows that the
sample becomes absorptive for energies greater tHag2
eV, with maximal absorption reached by 2.26 eV. The data
in Figs. 2D)-2(E) are taken with a pump energg,
=2.275eV and indicate a strong pump-induced transmission
of the probe that persists for nanosecojudsFig. 1(A)]. The
spectral peak of this feature from the data in Fidz)2ccurs
atEy=2.254 eV, indicating that carriers have energy relaxed
~20 meV within the time resolution of the experiment. The
full width at half maximum(FWHM) of this peak is 23 meV
and may reflect contributions from an inhomogeneous distri-
bution of ground-state energies in the quantum dots. A line-
cut of this data aEy=2.25eV is shown in Fig. @) that is
characterized by a 100-fs rise time to a flat plateau. In con-
trast, long-lived contributions to the DTS are diminished for 00— L i
E,=2.119eV, leaving a prominent feature at zero delay in 0 E{go(mcv) 150
Fig. 2(B) whose temporal width of 250 fs matches that of the a7

pump-probe correlation. From Fig(@ we see that this fea- FIG. 4. (A) Stark shift vs pump intensity it =300K, E
ture peaks at an energy &,=2.247 eV, which is near o _j o336y, andg,=2.153eV (solid lines are fits to the low-

. . . . ’ d .
that expected from a calculation dtx/dE using the data in  jytensity data (B) Variation of the Stark shift with pump detuning
Fig. 2(A). The spectral width of the bright feature from a 5t T=300K with E4=2.153eV, pump intensity0.7 GWi/cn?.
vertical linecut through the data in Fig(@ att=0ps is  solid lines are qualitative fits as described in the text. Solid symbols
~30 meV. As expected, this corresponds to the width of thesre calculated from DTS taken using the photomultiplier tube, while
absorption edge since the Stark shift is only measurable iBpen squares are obtained from direct measurements of shifts as in
DTS whereda/dE#0. The optical Stark effect has been Figs. 3C) and 3D).
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typically contain both the peak due to the Stark shift at zercshift that is proportional to the pump intensity and inversely
delay and a longer-lived feature that could be due to twoproportional to the pump detunirt§.Figure 4A) shows the
photon absorption or residual overlap of the pump with thedependence of the optical Stark effect on pump intensity for
tail of the absorption spectrum. Because two-photon proa pump detuning given by —E,=120 meV. We generally
cesses excite high-energy carriers givenEy+ Eq~4 eV, ~ observe a departure from linearitgolid line as the pump
the relatively slow~500-fs rise time of this feature could intensity is increased that is consistent with previous stfidies
indicate the time for carriers to relax downEg, where they ~and has been theoretically described using a many-body
contribute to the DTS. The data in Fig(B are the differ- treatment® As the pump detuning is increased, the point

ence in DTS between co-polarized and cross-polarized propihere the dependence becomes nonlinear shifts toward
beams and indicate that little polarization exists after th igher intensities and there is an overall decrease in the Stark

Stark shift peak, which may reflect concurrent energy anclﬁ?;t jzé')xe;epuqnl]g"'gt?\?es'tf{i/ggg(ﬁ])g' d;tge ;f)l,'[ﬂ;'nfifﬂ'un

spin relaxation of two-photon generated carriers. There is A b/x. wherex is the pump-probe detuning ads propor-

significant dependence of thi_s long-lived component on th(?ional to the pump intensity. While the data are consistent
bump energy,EhowEevirl,Ethatlds Epthe_x;c)jgcted fcr:r twg PhOtoRyith theoretical expectations, more quantitative analysis is
processes unttk, + Eq<Egap, “which Indicates that absorp- iggicy ¢ given the unresolved nature of exciton states and the

gqn Into I(éw-engrgy Statis mfthe S;_DG may alsof_cogt”_b“tespectralIy broad absorption edge that leads to unavoidable
igures §C)-3(D) are taken from linecuts at a fixed time oop0ration of real carriers at smaller pump detuning.

delay of chirp-corrected probe transmission data prior to cal~ In summary, Faraday rotation experiments have revealed

culat|o.n gf thg Dr-:—fs t?uﬁ allobwmg (_j|rectdobseévat|on of thenanosecond—scale spin dynamics in a semiconductor-doped
phump-ln uced s It of the a sorptlo.n eage. dyl compﬁnr;] lass that persist to room temperature. Femtosecond-resolved
the transmission spectrum at negative time delay With theicrarengial transmission spectroscopy was used to produce

spectrfum at=0 psl, we gre at;)le to r‘r:jeaswe a blL;eShiﬂ of 3.8jirect measurements of the optical Stark effect and to study
meV for a co-polarized probe, and 1.6 meV for a crossyg gependence on polarization, pump intensity, and pump
polarized probe. Because of the high intensities used fo,

Bletuning. The combination of these techniques may enable
these scans, the spectrum does not completely recovéer fo

Set e : 3 roptical control of spin coherence by using off-resonant
>0 ps (not shown, indicating the inadvertent generation of , ises to produce Stark shifts of energy levels during the
real carriers. We note that comparable shifts at lower pumpgnerent evolution of spins in a transverse magnetic field.
energy E,=2.019eV) have been observed which show
complete recovery of the spectrum for 0 ps. This work was supported by grants ARO DAAG55-98-1-

Calculations of Stark shifts in semiconductors in the per-0366, NSF DMR-9871849 and DMR-0071888, ONR
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