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Spin dynamics in semiconductor nanocrystals
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Time-resolved Faraday rotation is used to study both transverse and longitudinal spin relaxation in chemi-
cally synthesized CdSe nanocrystélC’s) 22—80 A in diameter. The precession of optically injected spins in
a transverse magnetic field occurs at distinct frequencies whose assignment to electron and exciton spins is
developed through systematic studies of the size-dependence and theoretical calculations. It is shown that the
transverse spin lifetime is limited by inhomogeneous dephasing to a degree that cannot be accounted for by the
NC size distribution alone. Longitudinal spin relaxation in these NC’s occurs on several distinct time scales
ranging from 100 ps to 1Qus and exhibits markedly different dependencies on temperature and field in
comparison to transverse spin relaxation.
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[. INTRODUCTION considerations of anisotropy present in these nanocrystals
(NC's). Efforts to calculate the excitog factor for a ran-
The size-tunable energy-level spectrum of semiconductodomly oriented ensemble of wurtzite NC’s have led us to
guantum dotgQD’s) has generated interest in applications posit that exciton precession might only be exhibited in a
such as QD-based lasé@nd fluorescent labels for biologi- special subset of “quasispherical” NC’s, where anisotropy
cal molecule.Continuing interest in the dynamics of carrier contributions from the crystal structure and physical shape
spins localized within QD’s is motivated by the emerging cancel out.
fields of semiconductor spintronits and quantum Inhomogeneous dephasing limits the transverse lifetimes
computatiorf: Proposals for the latter hope to exploit ex- of both electron and exciton spins in these samples. By using
pected increases in spin-relaxation lifetimes due to fullymeasurements of the size-dependent eleagrdector to es-
three-dimensional confinement of electron spins. Certaifimate the dephasing rate, we find that dephasing from the
channels of homogeneous spin-spin interactions may be alize distribution cannot account for the observed rate in all
sent in strongly confining QD's, as the discrete energy specyyt the smallest NC's. This suggests that contributions to
trum and the exclusion principle suppress the excitation ofjectron dephasing from surface conditibasid/or NC an-
multiple electron-hole pairs within single QD's by circularly jsotropy may also be important. Longitudinal spin relaxation
polarized, resonant p_hotons. Recent studies have sug_gestﬁaldNC,S was studied by applying a magnetic field along the
that hyperfine interactions between electrons and nuclei may, . ation directiorithe Faraday geometryThe decay of

be the operative mechanism for carrier spin relaxation. sl[gin polarization in this case is found to occur 6400 ps,

Here we present a series of measurements that charact(io ns, and 1Qus time scales. The microsecond decay time
ize both transverse and longitudinal spin dynamics in chemi-= : ' y

cally synthesized nanocrystal quantum dots. It was shown iﬁensitively depends on the applied field and temperature in

an earlier paper that spin precession following optical exciomparison to the shorter decay components, which exhibit

tation with circularly polarized light in a transverse magneticmon,a grgdual tre.nds.. In addmon to the monotonlc decay ,Of
field occurs at up to four distinct frequenc%ajthough as- longitudinal polarization, spin precession is found tp occur in
signment of the precession signatures to electrons, holes, §i¢ Faraday geometry, raising questions concerning the na-
excitons was uncertain. Extension of the Faraday rotatiofre of optically excited states in these NC's.

technique to include independently tunable pump and probe The remainder of this paper is organized into four sec-
pulses has aided the clear observation of spin precession i®ns. In Sec. Il we describe the set of samples that have been
the full range of samples studied. Calculations of the electrostudied and the energy spectrum of allowed states. We also
g factor taking into account a size-dependent energy shift ofeview the experimental methods of time-resolved Faraday
allowable levels closely agree with the experimental data forotation and absorption that are used to monitor carrier spin
one of the observed frequency components. Assignment @&nd population dynamics. Section Ill focuses on our efforts
the other frequency componés)tto excitons remains uncer- to assign the multiple precession signatures to electrons and
tain; while the values obtained from the Faraday rotation arexcitons, while Sec. 1V details our measurements of inhomo-
consistent with the excitog factor obtained from magneto- geneous dephasing. Studies of longitudinal spin relaxation
absorption data, unambiguous interpretation is hindered bgire presented in Sec. V, and we conclude in Sec. VI. Further
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(b) Spherical,  Prolate, hexagonal NC’s resulting in a multiplet of five fine-structure states
cubicQD QD w exchange whose relative order and spacing depends on the wurtzite
) crystal structure, prolate shape, agth exchange interaction
(ex] ® ¢ [Fig. 1(b)]. Although these states cannot be directly resolved
e in absorption spectra, they have been observed using size-
18,18, ———— 2(2 selective techniques to circumvent broadening due to the size
| distribution®® The states are labeled by their angular momen-
|vac) tum projection onto the crystal axis (0, +1, or =2); the
superscriptdJ or L refer to higher- and lower-energy states
with the same projectiof®'** In NC’s whosec axis is ori-

FIG. 1. (a) Absorption spectrum of 57 A NC's aT=6 K. ented along the observation direction, optical selection rules
Ground and excited energies can be extracted from the respecti@e Well defined and dictate that circularly polarized light
components in a multi-Gaussian fiotted lineg. (b) Unresolved  Will couple to the*1 states, respectively. Selection rules are
fine-structure states within the NC exciton ground stdegenera-  poorly defined in the large majority of NC’s whoseaxis is
cies are indicated in parentheges oriented at a random angle; superpositions of both states may

be excited in such NC’s. Previous work suggests that radia-
details of the quasispherical model for exciton spin precestive recombination of optically excited carriers occurs upon
sion are provided in the Appendix. relaxation to the+2 “dark exciton” states: the time scale
for such relaxation is not well known but may be of order
~200 pst®

Pump-probe techniques were employed to monitor carrier
population and spin dynamics in the time domain. Synchro-

Chemically synthesized CdSe nanocrystals result from thBized optical parametric amplifiers with a repetition rate of
pyrolytic reaction of organometallic precursors in a coordi-250 kHz produce~150 fs pump and probe pulses with en-
nating organic solverit.Single crystals with the wurtzite €rgiesSEpmpandEyqpethat are independently tunable across
structure were studied ranging from 22—80 A in diameterthe visible spectrum. A pulged white light continuum is also
with a size distribution of~5-15%. The NC'’s are slightly Produced that can alternatively serve as a probe pulse. The
prolate (elongated along the axis),®* with a size-dependent PUmp and probe pulses are normally incident on the sample
mean aspect ratio g_)g_ﬂ) that may range from 1.0 to 1.3 and focused tq a100 um sp_ot using an_achromatlc doublet
with increasing siz& The 80 A NC's are somewhat more Igns..ConventlonaI mechanical delay lines control the rgla—
prolate, with an aspect ratio ef2. Although the distribution ~tive time delayt between pump and probe pulses and optical
of aspect ratios is not well characterized, a variation-6f2 ~ choppers are used to modulate both pulse trains, enabling the
modified CdSe/CdS core/shell NC’s were also studied; théhagneto-optical cryostat capable of magnetic fields up to
epitaxial growth of a higher band-gap shell is known to re-H=7T and temperaturet=2-300 K. _
duce the efficiency of carrier trapping by surface states, pro- Carrier population dynamics were monitored through
viding improved luminescence quantum yields up to 98%. time-resolved absorptiofifRA) as a pump-induced change
Samples for the optical measurements were prepared by dif! the absorption spectrum detected at an ené&gy
solving the NC'’s in an organic polymer which freezes into an
optically transparent glass at cryogenic temperatures.

In analogy to atomic hydrogen, the discrete spectrum of
states in NC'’s results from an approximately spherical con-
finement potential provided by the band-gap contrast beHerelL is the sample thickness and(«,) is the semicon-
tween the semiconductor and insulating matrix. The netluctor absorption spectrum in the presefaisencgof the
wave function of excitons occupying these states is describeplump. In practiceA aL is computed from the corresponding
by the product of electron and hole wave functions com-+ransmitted probe intensiti€g(t) and T,; positive values
prised of parts related to the intrinsic unit cell of the solid typically represent state-filling effects where the probe is
and an envelope function that satisfies boundary conditionpreferentially transmitted due to the occupation of states by
imposed by the nanocrystals’ finite size. As an example, th@ump-excited carriers that would otherwise be available for
ground exciton state is denoted aS;331S,, where the term  absorption of probe photons. The white light continuum
1S refers to the hydrogenic shell state and the subscriptserves as the probe in these experiments, facilitating mea-
refer to eitherJ=2 holes orS=$ electrons:**2Ground and  surement ofA aL across the entire NC absorption spectrum.
excited states are visible in the linear absorption spectrum afhanges in the transmitted probe intensity are detected using
samples with relatively good size distributions as inhomogeeither a photomultiplier tube or photodiode array which are
neously broadened peakBig. 1(a)]. In perfectly spherical attached to a 0.5-m spectrometéBoth pump and probe
NC’s with cubic crystal structure and negligible electron- pulses are circularly polarized, with a relative helicity that
hole exchange, theS,1S, ground exciton state is eightfold can be controlled using variable retarders.
degenerate, comprising the possible combinations of hole Carrier spin dynamics are monitored with the technique of
and electron spins. This degeneracy can be broken in CdSine-resolved Faraday rotatigiRFR).18 The circularly po-
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Il. SAMPLE INTRODUCTION AND EXPERIMENTAL
METHODS
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7h, respectively. The dashed line is a calculation of an exajton
FIG. 2. (a)—(e) Time-resolved Faraday rotation in the Voigt ge- factor using Eq(3) with g,=—0.73.
ometry. T=5K, H=4T. Laser parameters are 80 ,iEpump
= Eprobe=2.00 €V; 57 A,Epymg=2.07 €V, Eprone=2.10€V; 40 A, ragit of inhomogeneous dephasing, discussed in Sec. IV.
Epump= Eprobe=2.14 €V; 25 A, Epum=Eprons=2.48 €V. (&) Epump  Data are usually taken with the pump and probe energies in
=2.175 8V, Eprope=2.019 0r 2.039 €V,Ppumg=0.5 MW, Parabe  the vicinity of the 1S,,1S, exciton state. The visibility of the
(;Szt?n’étv\rl)'re(&;'i:; ?&Véﬁ;:gggtmm of data ifd) showing two o hrecession oscillations can depend sensitively on the
' choice of detection energy. This is illustrated in Fige)Xor
) ) ) . two choices ofE e Near the ground state in 57 A NC’s
larized pump pulse typlcally excites a populatlor_1 of electron-(2_05 e\). Because the Faraday rotation signal is propor-
hole pairs that are spin polarized along the optical path. Thgqna) 1o the difference in refractive indices for the right- and
resultant spin magnetization and spin-selective state-fillingeft.circularly polarized components of the linearly polarized
effects produce a C|rcular. bwefnnggnce in the sample Who.sﬁrobe}g the magnitude and sign can change VEifp.in the
component along the optical path is detected as the rotatifjcinity of an absorption resonance. The ability to indepen-
of a linearly pola_nzed probe pu_Ise. Sensitivity to rotation dently tune pump and probe energies has proven useful in
angles>10 prad is achieved using a balanced photodiodéyayimizing the prominence of spin precession, particularly
bridge. If the magnetic field is applied along the observationy, {he smaller NC's<40 A in diameter, where initial experi-
direction (Faraday geometyy the pump-excited spins com- ments reported only marginal restitt.is often the case that
prise a highly nonequilibrium population whose relaxationihere is a monotonically decaying background contribution
involves energy transfer to the lattice via phonons. In thq the Faraday rotation signal in this geometry. A possible
simplest case, such relaxation follows an exponential decayigin of this signal will be discussed in the context of the
with a time constanT,. When the magnetic field is applied Faraday geometry measurements in Sec. V.
perpendicular to the observation directiGroigt geometry, Modulation of the oscillation envelope indicates the pres-
the pump-excited spins comprise a coherent SUperposition Qfyce of multiple frequency components that are directly re-
states Whose temporal evolution correspond; to Larmor spiggved in a fast Fourier transforFFT) of the data[Fig.
precession at a frequenay =gugH/h proportional to the  5f)]20 FET's of spin precession over a broad range in detec-
spin g factor (ug is the Bohr magnetgn Transverse Spin  tion energy reveal no variation in spectral content; only the
relaxation yields a lifetim@; which may contain contribu-  amplitude of the oscillatory signal is affected. Precise mea-
tions from longitudinal and purely transverse spin relaxationsyrement of they factors associated with these components
as well as inhomogeneous dephasing. can be obtained by plotting the positions of peaks in the FFT
spectrum versus magnetic field. Figure 3 and Table | show a
compilation ofg factors measured in our sample set. Tgvo
factors have been observed in NC’s ranging from 25—80 A,
Figures 2a)—2(d) show characteristic spin precession in with the notable exception of the 57 A NC sample, where
the Voigt geometry for CdSe NC's 25—80 A in diameter. It four g factors were visible.
has previously been shown that low-field spin lifetimes in  We assign the lower-frequency precession to the electron
these samples are3 ns® the ~50 ps lifetimes here are a g factor, which is considerably shifted from the bulk value of

IIl. MULTIPLE PRECESSION FREQUENCIES
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TABLE I. Compilation ofg factors observed in CdSe NC's from spin precession measurements taken at

T=5K.
25 A 40 A
22 A 25 A Core/shell 40 A Core/shell 57 A 80 A
ge 1.63+0.01 1.565-0.002 1.63#0.004 1.30.01 1.4580.004 1.1380.006 1.014 0.006
(o) 1.83+0.01 1.85-0.01 1.72:0.01 1.78-0.01 1.636:0.007 1.64-0.02
95 1.734+ .004
9 1.46+0.05

g.=0.68 in CdSE This shift and the trend with size can be values ofg,, obtained from this procedure are consistent
qualitatively understood by modifying equations fgg in  with the largerg-factor components measured from Faraday
bulk semiconductof® to account for the confinement- rotation data.
induced shift of electron energy within the conduction Assignment of the factorsg,-g, to exciton precession is
band?® complicated by two factordi) random orientation of NC's
in the plastic films(ii) the multiplet of possible states within
5 E_A the ground-state excit_dﬁ.The random orientation is a prob-
9o=0o— = P~ so _ 2) lem because the excitapfactor is expected to be strongly
3 (EgtE+A)(Eg+E) anisotropic in CdSe NC’s due to the nonspherical shape and
wurtzite crystal structur& Thus, measured values of the ex-
Here go~2 is the free-electromy factor, E is the electron  Citon g factor for individual NC's can depend on the orien-
energy measured from the bottom of the bulk conductiorfation qf th(_ac axis relative to the applied field and observa—.
band, E, is the semiconductor band gaB, is the Kane tion directions. For our ensemble measurements, this
energy parameter, anl,, is the spin-orbit splitting of the anisotropy must be averaged over a random dlstrlbuuo_n. Fur-
valence band. The electrarfactor implicitly depends on the thermore, the shape, crystal structure, and exchange interac-

NC radius R through the size-dependent electron energy,tion in NC'$ result.in a multiplet of fine-structure states
which can be written a&~a/R? in the simplest parabolic whose relative spacingnd orderingcan depend on the exact

approximatiort? The solid curve in Fig. 3 shows a calcula- SiZ& @nd shape of the N[Figs. 4a) and 4b)]. We expect
tion of g, from Eq. (2) which treatsa=267 eV A? as the that the variation in the aspect ratio present v_wthln our
only fitting parameter and uses literature values Ef samples is large enough that different NC’s within the en-
—1.839 eV(for bulk CdSe at 10 K% A .=0.42 eV? and semble can have a significantly different arrangement of
E,=19.1 eV The dotted line was calculated usin'g a betterthese fine-structure levels. Depending on how quicklyif)

description of the size-dependent electron energy and consi&‘-al"’lx"Jltlon oceurs from opt!cally excited states to the lowest-
eration of finite boundary conditions at the NC surfaté. energy state, different excitapfactors may be obtained be-

has been shown that the latter may result in changes to caf2uSe each of these levels will exhibit a characteristic spin
culated values off, by ~5-10% in NC's’ a variable char- splitting with magnetic field. Association of the larger

acterizing this contribution was treated as the only ﬁttingg']caCtor component with exciton states provides the possibil-

parameter in the calculations. Our assignment of this precei{ for explaining the multipley factorsg,-g, observed in

sion component to electron spins is based on the good agre e 57 A NC's (cf. Table ) in terms of the fine-structure

ment between the experimental data and these caIcuIation?r\flrS]’ althodugh it iﬁj lgnclear IWhg this is the only size in
Higher values ofg, found in the CdSe/CdS core/shell NC's which gz andgy, could be resolved.

(Table ) are most likely due to electron penetration into the It should be noted that_el_ectron and exciton Jprecession
CdS shell, agbulk) CdS has a largeg, value of 1.762 must not occur together within the same NC. It is possible

As a first step toward the assignment of the second pret_hat exciton precession is only exhibited in a special subset

cession component to exciton spins, we have performed
magnetoabsorption experiments in the Faraday geometry that(@) . , , (b)
should be simply connected with the band-edge exciton spin < g5 | 1 100
splitting 2 Gaussian peaks are fit to inhomogeneously broad- ] r
ened absorption spectief. Fig. 1(a)] taken witho* ando ™ > 1 of
light helicities. The splitting between spin-up and spin-down 5 ] i
exciton states was extracted from the center positions of the 1 ﬁ_ -100 |
ground-state exciton peak and plotted versus fiéldarge B0 AT —L—
; . . 20 40 60 80 20 40 60 80
fields (H>3T) were needed in order to observe the spin ; ; ; ;

-~ L . Diameter (A) Diameter (A)
splitting (<1 meV), which is much smaller than the inhomo-
geneous absorption linewidth-50 me\). Included in Fig. 3 FIG. 4. Calculations of exciton fine-structure states versus size,
are values ofge,. calculated from magnetoabsorption dataadapted from Ref. 14(a) Spherically shaped NC'sy{=0). (b)
for 40 A and 57 A NC’s. Within experimental error, the Prolate NC's =0.28).

(me

| #=0.287
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of NC’s, while electron precession is expressed by the ma- 15 . , . . T
jority of NC's in the ensemble. Because our efforts to aver- (@)

age an anisotropic excitanfactor did not qualitatively agree T 10
with the experimental dat®,we speculate that exciton spin i
precession may only occur within quasispherical NC’'s where 0.5
the anisotropy due to the physical shape exactly cancels that L . .
due to the wurtzite crystal structure. Such cancellation is ; ' y y T
possible because the two terms have opposite signs in CdSe
NC's.* For a given NC diameter, a choice of aspect ratio 0.00
within the range expected for the ensemble can be found

where the anisotropy due to shape and crystal structure off-

.57A NCs, T=5K ]|

=1.968eV 1
mp

set. The excitorg factor in this subset of NC’s may be per- -0.04 L L . . L
fectly isotropic, thus simplifying the interpretation by obvi- Lc) ' . ' " 1 t=20ps, co-pol 1
ating the averaging of energy-level structure and anisotropy 01l Ll 00 e t=20ps, cntr-pol]

o —o— t=1ns, co-pol
g, —*— t=4us, co-pol

:E_ . =2.1386V]

over the ensemble that would otherwise be necessary. The § r
dotted line in Fig. 3 shows a calculation of the ground-state
excitong factor from the spin splitting of- 1- fine-structure
levels in quasispherical NC’s using the relation

00 [

pu

, —
0.1 HO e =2.2966V ]

Gexc= (Ge—30n)/2. 3

The holeg factor was treated as a size-independent fitting 0.0 -
parameter; all size dependence was assumed to come from ! . . . L
0. Details of this calculation will be discussed in the Ap- 2.0 22
pendix; while the agreement is promising, a definitive as- Energy (ev)
signment of the higheg-factor component to exciton preces-

sion requires further study. 0.1

Exciton spin precession with &50 ps spin lifetime has
previously only been observed in thin GaAs/AlGaAs quan- 1o 01'_ —T=6K |
tum wells under stringent conditions of low-energy excita- B I T=70K 3
tion and low temperature, which stem from the sensitivity of 1000 " 2000"

the hole spin to energy relaxation and thermal procesSdés. Time (ps) Time (ps)
our assignment of higher-frequency precession to excitons is
correct, the dependencies of exciton spin lifetimes on tem- FIG. 5. (a) Absorption spectrum of 57 A NC’s with pump ener-
perature and excitation energy are completely different irgies in (b)—(d) marked by arrows for referencéb)—(d) Pump-
NC’s. It was shown earlier that both electron and excitoninduced changes in absorption taken at fixed time delay with either
precession persist to room temperature with nanosecond;LcocircuIz.aLrIy or countercircularly polarized probe. Use of the white
scale lifetimes at low fiel@.Here we will also show that spin ight continuum here allows broad spectral coverageAafL.
relaxation in these NC's is surprisingly indifferent to energy Poump=0-6 MW. (b) Epypp=1.968 €V. (€) Epymp=2.138 €V. (d)
relaxation, even when initial excitation occurs hundreds offpums=2:296 €V. (€) Time scan showing ultrafast energy relax-
meV above the ground-state exciton energy. ation. Epypy=2.296 eV, Eprone=2.109 €V, Ppymg=0.5 MW, Pprone

To monitor possible changes in carrier population dynam— 30’iw' @) Comparlsoi of decays idal at =6 and 70 K.
. . L g E =2.142eV, E =2.105eV, P =09mw, P
ics with excitation energy, Fig. 5 shows TRA data taken at:pfgpoluw » Tprobe b pump * 7 probe
three different pump energies, indicated by the arrows in Fig. '
5(a). Positive peaks in Figs.(B)-5(d) occur due to state- randomly oriented ensemble of NC’s in these samples. It is
filling effects and correspond to the position of th8;41S,  interesting to note that the TRA signal persists over the entire
and 25;,1S, states estimated from the absorption spectrumaser repetition interval of 4s, indicating that carriers popu-
[cf. Fig. 1(@]. Even though the carrier population resides inlate NC’s on this time scale. This may be consistent with the
the ground state, absorption of probe photons at 8PS, ~1 us decay times measured from time-resolved photolumi-
states’ energy is suppressed due to the shadlavel®® nescence experiments®! although evidence is shown in
Because the choice of excitation energy in Fifh)5elec- Sec. V that spin polarization can last for even longer times.
tively excites larger NC's in the size distribution, the state-The negative feature which tracks the excitation energy is
filling peaks are redshifted relative to Figsicband 3d). not well understood; the lack of polarization and longevity of
The difference iMA «L with probe polarization evidenced by the signal might be signatures of spectral-hole burning, al-
data taken at=20 ps indicates that the population of spin- though such signals are generally positi¢és established
polarized carriers is a small fraction of the total carrier popu-n previous studied® energy relaxation down to theS},1S,
lation. In principle, the maximum spin polarization of 100% state occurs quickly<1 ps, accounting for the similas «L
can be achieved in bulk CdSe for near-resonant excitatiosignals in Figs. &) and §d) and directly verified in Fig. &)
along thec axis; the small amount here probably reflects theby the fast rise timé~500 fg of the state-filling signal with
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IV. INHOMOGENEOUS DEPHASING

Inhomogeneous dephasing occurs when an ensemble of
spins precess at a continuous distribution of frequencies.
Dephasing leads to an artificially short decay time, even
though the individual spins may still have a well-defined
phase relative to their initial direction. In conventional
nuclear magnetic resonance, dephasing commonly results
from inhomogeniety in the external magnetic field. Even
small variations in field suffice to limit measured transverse

m
£ ! L i
Ak
- spin lifetimes because intrinsic nuclear spin lifetimes are
i long and the samples are large. For the electron spin life-
& | . | n

]

E

L

=2.296eV
P

E

g P

02eV

=21
™l

|E°“.m"~?'067evl times and small sample volume measured in these optical
experiments, inhomogeniety of the applied field can be ne-
glected. The dephasing of spin precession in these NC's is
caused by intrinsic sample inhomogeniety, the most straight-
forward example of which is the size distribution.

As demonstrated in Fig. 3, both electron and excigpn
factors are dependent on the NC diameter, so that the sample
size distribution will result in a corresponding distribution in
g factors. To estimate how the resultant inhomogeneous
dephasing affects the ensemble spin magnetization, we start
by assuming a Gaussian distribution gffactors overN
spins:

Faraday rotation (mrad)

=2.000eV
N

J

Epp,=1:9886V b
0 50 100 150 200 60 120
Time (ps) v (GHz)

021l

FIG. 6. Dependence of TRFR dBpm, in 57 A NCs. P pump
=0.5mW, Ppope=30uW, Eppe=2.109€eV, H=4T, T=6K. N(g)=
The gray bar highlights the changing beat pattern between exciton
and electron precession. Right: Corresponding FFT power spectra
show an increase in exciton precession Vtfj. HereA, is the standard deviation of the distribution centered
aboutgy. The net magnetization at each valuegok

N
mexp{ —(9—9o)%/2A%]. (4
g

high E,ump- Figure §f) shows that the initial decay afaL .

due to carrier recombination is independent of temperature M(t,g)=N(g)exp(—t/T;)coggugHt/%), (5

up to the measured 70 K. The longer decay component is o . . .
~p12 ns, indicating that the-3 ns trangverse sp)i/n IifetiFr)nes in SO that the ensemble magnetization is obtained by integrating

these NC'’s at low field are not limited by carrier recombina-M(t’g) over all possibley:

tion.
Figure 6 shows complementary Faraday rotation data M(t,go) = N j“’ e*(gfgo)z’ZASe*“Tg
taken over the same range of excitation energy. Spin preces- 90 2mA, )=
sion lifetimes are roughly constant over this rangdegf,, g
indicating that spin coherence is preserved during the rapid x coggugHt/fi)dg
energy relaxation process, even when initial excitation oc- (6)
curs into higher exciton states within the Niz., top panel M(t,go) = Ne VT3
This surprising result holds despite the complex spectrum of
states accessible to higher-energy pump photons. In addition ><exp[—t2/2(ﬁ/,uBHAg)z]cos{go,uBHt/ﬁ).

to the fine-structure levels present within the ground . . . ]

1S;,1S, exciton state, each of the higher excited states ha¥/hen dephasing dominates the spin dynamics, the preces-
its own characteristic multiplet of fine-structure levels. TheSion envelope acquires a Gaussian shape with a standard de-
overlap of these levels for different NC's within the en- Viation A that is inversely proportional to the applied field:
semble makes the detailed treatment of energy and spin re-

laxation in these NC's intractable. FFT's of the spin preces- A h )

sion data indicate that while the exciton spin lifetime is t_MBHAg'

largely unchanged, the relative spectral weight of exciton

precession decreases with decreaging,,, a trend that has In practice it is easier to measure the frequency linewidth of
also been observed in the 80 A and 40 A NC’s. Speculationthe Fourier transforntFT), since it is tedious to fit the com-

on this effect in the context of the quasispherical model willplicated spin precession dynamics in the time domain. While
be discussed in the Appendix. For now, we note that thighe FT of spin precession data in the absence of dephasing
trend reinforces the notion that exciton and electron spirfollows a Lorentzian function iff5 is well defined, the FT
precession may be exhibited by different NC’s within theunder dephasing due to a Gaussian distributiog faictors is
ensemble. Gaussian with a standard deviation in frequency:
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@ - o . T 4 present but un_resc_)lved in the c_)ther_NC .samples theq there
10ls0Ancs = | « FFT || 1A NGs . may be a contribution to the exciton linewidth from the field-
o g, i H=2Tl| 1 g cas © dependent splitting of the triplet that could account for at
09, = SCdS:/CdS I least part of the discrepancy.
. L %6 | [ E o When compared to core-only NC's, the electron dephas-
o L e ] ing rate is significantly higher in core/shell NGBig. 7(b)],
w580 - B which may be attributed to fluctuations in shell thickness and
ol . v (GHz) P | |8 g thusg, among the ensemble. Figurécyshows that electron
0 2 40 2 4 dephasing in core-only NC's decreases with size. This also is
Field (T) Field (T) .
unexpected from the size dependencgoif one assumes a
. constant size distribution in each of the samples because the
o 27 slope of the curve in Fig. 2 increases with decreasing size.
<005k g e (© Although the exact size distribution in these samples is not
4l e 5 i well characterized, it is expected to fall betwees—-10 %
S for (25-57 A NC's and ~15% for 80 A NC's>® We esti-
o0 a0 80 80 mate the standard deviation @ from the size distribution
NC Diameter (A) by assuming a Gaussian deviation of 5%, which can be con-
verted intoA g, Using the data in Fig. 3 as a calibration
2r T & curve. This is compared to the valukg..,, directly obtained
o 25A from spin precession data using E§). The inset to Fig. )
o 57A 7 shows thatA _¢j,¢< A g.exp fOr all but the smallest NC's stud-
4 BOA ied, suggesting that electron spin dephasing in these samples
0 . L . L L L L L is not solely due to the size distribution. Incidentally, a 10%
0 1 F‘2| T 3 4 size distribution results in a dephasing rate that is too high
ield (T) for the smaller NC'qleft triangles in the ins¢t however the
FIG. 7. Plots of FFT linewidth &) versus field reveal inhomo- choice of size distribution should be sut_;ject to 'Fhe cqns_traint
geneous dephasing in CdSe NG\ Electron and exciton dephas- 18t Ag.size<Ag.exp- NO reasonable choice of size distribu-
ing in 80 A NC's. Inset: Peaks in the FFT power spectrum andtion can account for the observed dephasing rate in the 80 A
Gaussian fitgsolid line) of central regions used to extrast . (b) QD’s, Ay .size for the expected 15% size distribution in this
Comparison of dephasing in 40 A core and core/shell N@€JsSize sample is shown as the right triangle in the inset. An addi-
dependence of the electron dephasing rate. Inset: Variangg in tional contribution to the observed dephasing rate may come
calculated from spin precession déttosed symbolsand expected from the wurtzite crystal structure; previous calculations for
from size distributions of 5%open squargs 10% (left triangles, bulk semiconductors suggest that the crystal-field splitting of

oem>

0.10 ——

8 AW

A (GHz)

and 15%(right triangle. The lines are guides to the eye. heavy and light-hole valence bands by an enexgyresults
in a slight anisotropy ofy, relative to thec axis>’ Using

_, MeHA expressions fog!, andgs in Ref. 37, it can be shown that if

Ap=(2mA) "= ®  one substituteE 4+ E for E4 as was done in Eq2) and uses

the approximatiom s> A, which is valid for bulk CdSe
The devi?tionAg can thus be calculated from a plot Af (Asg~420 meVA,~25 meV), this anisotropy,
versusH.3

In order to quantify dephasing rates in these NC’s, we E A
apply this model of dephasing for both electron and exciton Age=g;—gl~ oo , (9)
precession using FFT’s of spin precession data, shown in the 2(EgtE)(Eg+E+Ay)

inset of Fig. 7a). The two peaks in the FFT consistently

resolvable in the sample set were fit with Gaussian functionslecreases with increasing energy in the conduction band.
to extract the linewidthd* Note that although the central Thus the dependence of electron energy on quantum confine-
regions of each peak are reasonably well fit, this procedure iment will lead to a decrease in anisotropy and its contribu-
only an approximation because the complete line shapes at®n to dephasing with decreasing size, in qualitative agree-
neither purely Gaussian nor Lorentzian. Results are shown iment with the observed trends. However, one has to also
Figs. 7a) and 7b) for electron and exciton components in 80 account for valence-band splitting due to the nonspherical
A and 40 A NC’s.A priori, the linear relationship in these NC shape, so thatg, must be averaged over an ensemble of
plots suggests that dephasing in these samples does ressiltes and shapes before its contribution to electron dephasing
from Gaussian distributions centered about the nominal eleczan be estimated. As a rough indication of scale, we estimate
tron and excitong factors. In nearly all of the samples that (without averaging Ag. can be of order 1-5% for a
studied®® the dephasing rate associated with the excijon typical NC. Finally, the calculations in Ref. 7 indicate that a
factor component is larger. This cannot be explained if excicomparable change ig. can be obtained with modest ad-
ton dephasing arises solely from the size distribution, sincgustment of parameters that characterize the region at the
Oexc depends less sensitively on size than dpe&ig. 3). If surface over which the electron wave function goes toward
the multiple exciton-likey factors resolved in 57 A NC's are zero. Further studies beyond the scope of this paper are re-
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N [ z (a) T(K) At (us) (b
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g § 4
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> E reverse
3 0 g,k e
@ 0.01 E © - t N 1 N ! 6 ! R : 1
w E & -0.05 000 0.05 -0.05 0.00 0.05
5 F Field (T) Field (T)
3] 3
£ 1 5 FIG. 9. (a) Changes in the microscale decay time of longitudinal
5 E spin polarization are inferred from the field and temperature depen-
"E F dence of the negative delay TRFR signaly,,=2.138 eV, Epqgpe
2 01¢ =2.102 eV, Pyyme= 0.9 MW, P = 100 W. (b) Variation of the
_§ £ laser repetition interval provides a rough estimate-@0D us for the
g - decay time.T=5 K. The pump power was varied to keep the en-
L 0.01 | — Tk H=-0.075T 3 ergy per pulse constan®,,,= (2.1 mW) (3.797 usirep interval,
- 0 10|OO 20I00 — Prrops™ LTORW.
Time (ps) ponential. While the~100 ps decay component decreases
_ 10000 . ' with field, the. ;O ns-scale compoqent dramatlcally increases
B 18888:' 5 2 (CI)E s %o, (@) over a surprisingly small range in the magnetic f|e!d of
o 5000 | °1 s000L ® e N <0.01 T before settling down te-8 ns atH=1T. This
£ T T T sez = %] dependence on the field is in distinct contrast to the propor-
2 100 ° {1 s0p= °*° - tionate reduction of transverse spin lifetimes by inhomoge-
50 kg - o~ v ] neous dephasing. Although an increaseTinis consistent
000 005 0.10 0 30 60 with simple expectations based on Boltzmann statistics, the
Field (T) T(K) field range over which this occurs corresponds to an energy

scale(~6 ueV) that is much smaller thakgT (400 eV at
T=5K). The dependence on temperature also contrasts with
the independence of transverse spin lifetimes up 160 K8
Comparable lifetimes extracted from the TRA data in Fig.
Temperature dependence taken at fixed fidyl. (d) Longitudinal 5@ s:uggesF that carrier r,ecomb'nat'on may limit these lon-
spin lifetimes extracted from fits t) and (b) assuming a biexpo- ditudinal spin relaxation times. . . _
nential decay. Systematic changes with temperature and field in the Although often attributable to experimental artifacts, sig-

signal at negative delay reveal an additional microsecond scale d&2ls at negative time delay can correspond to an incomplete
cay component. decay of spin polarization over tHe- 4us) laser repetition

interval®® Inspection of Figs. &) and &b) indicates system-
éarlic changes in the negative delay signal with field and tem-
erature, which reveal the presence of a microsecond scale
ecay component which accounts for the “offs&”in the
biexponential function used above. This signal represents the
weighted sum of contributions from preceding pump pulses
in the pulse train, each separated by the laser repetition in-
. ) ] _terval. Due to practical limitations of mechanical delay lines,

~ As discussed in Sec. Il, measurements of spin dynamicge are unable to directly monitor the decay of Faraday rota-
in the Faraday geometry can be used to quantify longitudinalion on this time scale although we can obtain information on
spin relaxation, which in the simplest cases proceeds with @hanges in the decay time by monitoring the magnitude of
decay timeT, . Such relaxation results from the exchange ofthe negative delay signal. Figuréa®shows Faraday rotation
energy between a spin population and the host lattice as thgsta taken at fixed time delay as a function of magnetic field.
system seeks to achieve a thermal equilibrium value of spifrhe signal arising from the microsecond-scale decay compo-
polarization. Figures @) and 8b) show the dependence of nent decreases when the field is swept toward zero, forming
Faraday rotation data taken in the Faraday geometry as @ roughly symmetric “dip.” A field-induced increase in the
function of magnetic field and temperature. Data here Wergong decay lifetime occurs over the20 mT width of the

fit with a biexponential decay plus an offsétexp(—t/T})  dip, which is comparable to that inferred from the data in
+Bexp(—t/T)+C, yielding spin lifetimes plotted in Figs. Fig. 8(c) for the 10 ns-scale component. The sign of the dip
8(c) and &d). As before, this should be viewed as a conve-reverses with pump helicity, verifying that the negative delay
nient parametrization of the data since the full decay of spirsignal represents a preservation of longitudinal spin polariza-
magnetization in these samples is more likely to be nonextion over microseconds. The prominence of the dip is a mea-

FIG. 8. TRFR in 57 A NC’s taken in the Faraday geometry with
Poumg=1.0 MW, = Pyope=120uW,  Epmp=2.138€V, Egope
=2.102 eV. (a) The decay time of longitudinal spin polarization
increases with field frorH=0T (bottom) to H=1T (top). (b)

quired to average the anisotropy and surface effects in ord
to calculate the possible contributions to dephasing in thesg
NC’s.

V. LONGITUDINAL SPIN RELAXATION
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sure of how fully the spin polarization decays within the _ 40A NCs
repetition interval. The dip decreases with increasing tem- %E h H=1T, T=5K
perature and is nearly absent by 40 K, indicating the sen- 02 H &

sitivity of the long decay lifetime to thermal processes. As an i 2 | o

0 v, (GHz) 100 v, (GHz) 100

indirect way to estimate the long-lifetime component, data
were taken by electronically varying the repetition interval of
the laser[Fig. 9b)]. A plot of the signal atH=—0.075T
versus repetition interval roughly yields an estimate~&0 L— 0
us for the decay time. This number is significantly longer

than previously measured photoluminescence lifetimes of

I M&
~1 us®3perhaps suggesting that long spin polarization is 9 ME i
exhibited in NC's where the electron and hole have been I 0 v, (GHz) 100 6 v, (GHz) 100
spatially separated. The suppression of radiative recombina- 1 L TH

©
—
T

{E  =2.067eV
s 1 '

L P

o
(=)

E =2138eV
M Toump T

w

Faraday Rotation (arb. units)

tion through such separation may in'cn'aase carrier Iifetimgs JE ..=2.214eV | E =2.254eV

that otherwise could set an upper limit on measured spin O = L L D R
lifetimes. Previous studies have suggested that charge sepa: 0 290 400 0 200 400
ration through Auger-induced photoionization of NC's may Time (ps) Time (ps)

be an important mechanism in determining the optical emis-

sion spectrum of individual NC'YRef. 39 and energy .
pump energy. FFT power spectra were calculated after subtracting

relaxation’” - . the monotonically decaying background to reduce the baseline sig-
The exact origin for the field and temperature dependen- . ST ;

. . ; pal and improve peak visibility. Data were taken Wity gpe
cies of the long-time scale component is unclear. Here we B -
, o= . . =2.175 €V, P pymp= 2 MW, P ope=40 uW.

speculate on one possible mechanism involving the hyperfine

interaction with unpolarized nuclear spitisAn important

FIG. 10. Spin precession in the Faraday geometry with varying

channel for electron spin relaxation in semiconductors idonically decaying signal. The frequencies of precession are
identical to data taken in the Voigt geometry, and oscillation

based on mutual spin flips between electrons and nffclei. 26" : eon
Because many spin relaxation mechanisms in bulk semicorii€times also decrease with magnetic field. Electron preces-
on in the Faraday geometry might be attributable to the

ductors are absent in QD’s, it has been suggested that spri ’ ) .
flips with nuclei set an ultimatéalthough not necessarily Mixture of spin-up/spin-down conduction-band states that

realized limit on the electron spin lifetim@.Electron spin  cOMPrise the allowed exciton stateer result from superpo-

relaxation via hyperfine interactions results in a transfer ofitions of exciton states generated in NC's whosedis is at
polarization to the nuclear spin system, so that nuclear pola@" @ngle to the field. Exciton precession seems to be sensi-
ization well in excess of equilibrium values can be main-{iVe t0 the choice of pump energy, with peak visibility occur-
tained with optical illumination. Once a steady state nucleafi"9 WhenEqum,is tuned in the vicinity of the 3;,1S, state.
polarization has been established, further electron spin relax-NiS dependence 0By is significantly different than in
ation via spin flips with nuclei is suppressed. This scenari¢n® Voigt geometryFig. 6), and might indicate that coherent
then predicts that the changes in decay time inferred througPUPErPOsitions of exciton spin states can be obtained upon
temperature and field dependencies of the negative delay Sig;laxatlon from higher excited states. This will briefly be
nal reflect changes in the efficiency by which the nucleadiscussed in the Appendix.
polarization can be maintained. The characteristic magnetic
field width of the dips is similar in scale to dips measured in
the hyperfine splitting of exciton states in GaAs QD's80 VI- CONCLUSIONS
mT), which were attributed to nuclear depolarization that We have presented systematic studies of spin dynamics
occurs when the applied field is smaller than fluctuations irunder both transverse and longitudinal magnetic fields. Inter-
the electron hyperfine fieltf. Dynamic nuclear polarization pretation of the experimental data is significantly compli-
(DNP) via the hyperfine interaction is a temperature-cated by the random orientation of nanocrystals that exhibit
dependent process whose efficiency starts to drop around @6herent anisotropy. We have developed an assignment of the
K,* which is not dissimilar to the temperature dependenciesnultiple frequency components visible in spin precession to
observed here. Although the temperature and field scaleslectron and exciton spins. While the assignment of one fre-
may be comparable to previous studies, we note that effortguency component to electron precession is supported by the
to directly observe DNP in CdSe NC's using the techniqueslose agreement between experimental data and theoretical
in Refs. 42 and 44 have been unsuccessful. calculations, interpretation of the other frequency compo-
Because selection rules are poorly defined in the larg@ents in terms of exciton precession remains uncertain. The
majority of NC’s whosec axis is oriented at a random angle, quasispherical model discussed in the Appendix can account
the boundaries between Faraday and Voigt geometries afer several aspects of the data, but also raises new questions
blurred to the point that both electron and exciton spin preoncerning how coherent states are optically excited and pre-
cession have been observed in the Faraday geometry. Figuserved under energy relaxation. Inhomogeneous dephasing in
10 shows data focusing on the early time dynamics wher¢ghese NC'’s follows the simple form expected for a Gaussian
relatively weak oscillations are visible on top of the mono-distribution ofg factors, although the size distribution alone
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05 A . fold and threefold degenerate accordingli$=J"+S (Ref.
=2 %,20 i 14) [Fig. 11(b)].
= ESUT The relation forge,. in Eq. (3) can be calculated using
2 B3 0 A expressions for the exciton wave functions from Ref. 14
£ s Vr i i i ,
= | £ : 01142 evaluated in quasispherical NC's.
00 0 e s 20 40 60 80 V3 1
L — -
Diameter (A) Diameter (A) Wire.rn) =15 ¥ a(Te.Tn) +5 ¥ 30(leTn),
FIG. 11. (a) Calculation of ellipticity versus size needed to sat- ; V3
isfy the quasispherical conditiorib) Calculation of fivefold and P (re,ry)= '/’T _a(Te )+ = ’/’L _yATeilh),
threefold degenerate exciton fine-structure levels for quasispherical
NC’s. |
U V3
Wi(re,rn)=— l/fw 12leiln)+ = llfi 32(lesTh),

is insufficient to account for the observed dephasing rates.
Additional contributions to the electron dephasing rate from
anisotropy and surface conditions may also be important.
Longitudinal spin lifetimes up te-20 us are found to sen-
sitively depend on applied field and temperature, exhibiting
trends in both that are distinctly different than those mea-W,(re,rn) =, zo(re.rn), VY _o(re,rn) =4 —gre.n),
sured for transverse spin lifetimes. The observation of spin

precession in the Faraday geometry also raises questions 1

about the nature of coherent states optically excited by cir- Wo™ (re.tn)=—[Fith —1Ale.F)+ ¢ 1T e.Th)].
cularly polarized light in these NC's. V2

P Y :l _E
Z1(re,rp) zi/fi,—l/z(re,rh) 5 I (P YR

The /s here represent3;,,1S, excitons with electron and
hole angular momenta given by the subscripts. Expressed in
the basis of state vectorg the Hamiltonian matrix which
We are grateful to X. Peng, B. Boussert, and A. P. Alivi- describes the Zeeman splitting in an applied magnetic field
satos for NC synthesis and collaborative efforts and to Mcan be derived from Eq30) in Ref. 14. In quasispherical
Poggio for his assistance. This work was supported by grantdC’s, one is free to assign theaxis to the magnetic-field
from the DARPA (MDA972-01-1-0027, the NSF(DMR- direction, thus reducing Eq30) to the form
0071888, and the ONRIN00014-99-1-007)
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APPENDIX: QUASISPHERICAL MODEL B

The lifting of degeneracy for exciton states in CdSe NC’s
is due in part to the wurtzite crystal structure and nonspheri-~ B o
cal shape, both of which split states in the valence ban zeemar- 8H; N '
according to the projection of hole angular momentum onto
the ¢ axis. As an example, thA,B excitons in bulk CdSe
result from the splitting of heavy- and light-hole states by an -B
energyA.~25 meV. Similarly, it has been calculated that
the nonspherical shape of CASE NC's results in a splitting -
A= — ulR?, where (1 ) is the NC aspect ratio arldis ~ where
the NC radiug® The net splitting of the $,, hole states
from the intrinsic crystal structure and the NC shape is the
sum of the two termsA ,=vA,+Ag,, and can equal zero

a=(ge=39n)/2,

for certain combinations of shape and sizds a numerical B=(9e=9n)/2,
factor of order one for CdSe NQ'$* Figure 11a) shows the B
ellipticity needed to satisfy the quasispherical condition for v=(getgn)/2,

the range of NC sizes studied here. Given an expected varia- _
tion in x of ~=0.2, a significant fraction of NC’s within the 6=(9et30n)/2.

ensemble may satisfy this condition. The excilpfiactors  Effective excitong factors in quasispherical NC's can then
associated with the &,1S, states in quasi spherical NC's pe calculated from relations like

may be largely isotropic due to the lack of any preferred axis

with respect to the applied magnetic field. The energies of Lol Pl AT Pl

exciton fine-structure states are solely determined by thege)“’u (V5 Hzeemab V)~ (Y2 alHzeemad ¥ 2a).
electron-hole exchange interaction, which splits the initiallyEffective g factors for the different fine-structure states cal-
eightfold degenerate exciton into two levels which are five-culated using this procedure are
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nario presented here relies on the coherent relaxation of
higher excited states to the1" level, which then exhibits a
spin splitting corresponding 1@;;. This is currently an open
question that requires further study. Exciton precession in the
Faraday geometry may be explained with similar arguments.
A priori, exciton precession in this geometry is unexpected,
since well-defined optical selection rules for th&;41S,
. . ° . state in quasispherical NC’s dictate that circularly polarized
reliable experimental data for this quantity to our knowledge.. . : . L

light directly excites a particular spin eigenstate rather than

. 1L . .
While the calculated value ofe,. agrees with the experi- g herpositions of eigenstates. Such restrictions do not hold
mental data for the highag-factor components in the entire o excitation into higher excited states; the exciton might

sample setusing the same value @), the other eXCIoNIC  then relax coherently into the ground state and precess as

g factors in the 57 A NC’s cannot be accounted for vgﬂqc, usual.

or g2c Definitive understanding of exciton precession in these
Because ther 1" states in quasispherical NC's are opti- NC’s is difficult given the uncertain nature of the energy

cally inactivel it is expected that the initial excitation in- spectrum and optical selection rules over the ensemble of

stead involves either the: 1Y level or higher excited states NC’s. While the quasispherical model addresses this diffi-

(i.e., 25;,1S,, etc). These higher-lying states become in- culty, it raises a host of additional questions related to the

L
géxc: (9e—30n)/2,
U
géxc: - (ge+ Sgh)/Z!

95— (Ge—30n).

The holeg factor g,, (=—0.73 was treated as a fitting pa-
rameter for the calculation dj., in Fig. 3 as there are no

creasingly inaccessible with decreasiBg,y,, which may
account for the decrease in exciton precession observed

nature of coherent excitation. Analogous studies of spin dy-
mamics in related materials, such as CdTe N@/hich have

Fig. 6. As mentioned previously, the time scale for relaxationa cubic crystal structujemay yield further insight into these
among the fine-structure states is not well known. The sceproblems.
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