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Tight-binding g-factor calculations of CdSe nanostructures
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The Landeg factors for CdSe quantum dots and rods are investigated within the framework of the semi-
empirical tight-binding method. We describe methods for treating both-theped and neutral nanostructures,
and then apply these to a selection of nanocrystals of variable size and shape, focusing on approximately
spherical dots and rods of differing aspect ratio. For the negatively chargeged systems, we observe that
the g factors for near-spherical CdSe dots are approximately independent of size, but show strong shape
dependence as one axis of the quantum dot is extended to form rodlike structures. In particular, there is a
discontinuity in the magnitude of thg factor and a transition from anisotropic to isotrogi¢actor tensor at
aspect ratio~1.3. For the neutral systems, we analyze the electydactor of both the conduction- and
valence-band electrons. We find that the behavior of the elegrdector in the neutral nanocrystals is
generally similar to that in the-doped case, showing the same strong shape dependence and discontinuity in
magnitude and anisotropy. In smaller systems dghfactor value is dependent on the details of the surface
model. Comparison with recent measurementg déactors for CdSe nanocrystals suggests that the shape-
dependent transition may be responsible for the observations of anomalous numpdecioirs at certain
nanocrystal sizes.
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[. INTRODUCTION spins, with the relative contributions determined by the de-
tailed coupling between these in the excitonic state. How-
The electronic structure and linear optical spectroscopy oéver, there is currently no real understanding of why more
semiconductor nanocrystals have been the subject of consithan oneg factor should be observed in TRFR, and why for
erable theoretical attention over the past ten years. The sizme particular size four values are detectable. Some investi-
scaling of excitonic absorptions, excitonic fine structure, andyators have conjectured that multipjefactors may result
role of atomistic effects such as surface reconstruction, arfrom excitonic fine-structure in the QD energy levels, reflect-
relatively well understood. Less is known about the behavioing the fact that different fine structure levels would be ex-
of the electronic states in the presence of a magnetic fielthected to possess different excitomjdactors® The bright
Recent experimental demonstrations of long-lived spin coand dark exciton states for CdSe have been predicted to pos-
herences in semiconductor nanostructtireave provided —sess quite different excitonigfactor values. However, fits to
motivation for a detailed fundamental investigation of themagnetic-field-dependent polarization-resolved photolumi-
behavior of electronic excitations in magnetic fields. Thenescence spectra to extract thealues for the dark exciton
spin lifetimes appear to be longest in nanostructures possesstate$ do not show agreement with corresponding measure-
ing full three-dimensional confinement, namely, quantumments from circular dichroisfhMoreover, TRFR measure-
dots, where undoped nanocrystals show room-temperaturaents with excitation energies tuned to different excitonic
spin lifetimes of up to 3 n$,considerably larger than the fine-structure states do not appear to show differgnt
corresponding lifetimes for undoped quantum wells and bulkactors? Others have proposed that both the electron and
semiconductors £50 psec—1 nsec).Since lifetimes are exciton signatures may all be present in TRE®, that mul-
typically significantly increased by doping, quantum dotstiple values arise from an electronic contribution coexisting
show considerable potential for optimizing long-lived spinwith an exciton contribution within an ensemble of QD's.
degrees of freedorh. Comparison of values extracted from MCD and from TRFR
Despite this experimental promise, to date even the basis not straightforward; whereas the effective-mass treatment
magneto-optical phenomena in these nanostructures are not MCD experiments calculates the excitgrfactor from a
well understood theoretically. Thus, one unexplained pheeonstant electron contribution and a calculated lydftector®
nomenon in the study of semiconductor nanocrysdlS’'s)  the treatment of what is hypothesized to be an excion
is the appearance of multiple Landdactors in CdSe quan- factor in TRFR experiments is obtained using a calculated
tum dots (QD’s). Time resolved Faraday rotatioiTRFR) electron contribution and uses a fixed hgléactor?
studies of excitons in CdSe QD's reveal multigefactors Theoretical analysis is complicated by the possible contri-
for certain dot sizes, with either two or four values butions of crystal symmetry induced anisotropy in the hple
detected:*° However, magnetic circular dichroisiMCD)  factor, by the effects of exchange coupling in exciton states,
measurements apparently reveal a sirgplactor per exciton as well as by the possible effects of nanocrystal shape and
state in the two dot sizes studiétd A and 25 A diametej$  surface contributions. Conversely, experimental efforts to as-
As noted in Ref. 2, the Faraday rotation in neutral quantunsign the multipleg factors observed are complicated by the
dots should contain signatures of both electron and holase of a distribution of randomly oriented nanocrystals hav-
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ing nonuniform size and shape. Efforts to average anisotropgransformed from zinc blende to hexagonal crystal structure
that might arise in a TRFR-measured exci@actor as a according to the transformations given in Ref. 9. Numerical
result of anisotropy of the holg factor in a hexagonal crys- diagonalization yields the single-particle statggr;) and

tal over an ensemble of randomly oriented QD’s do not showvsingle-particle energiel; for a given state.

qualitative agreement with experimenf recent proposal

based on effective-mass analysis has suggested that exciton pg_q tensor for a single electron in the conduction level

precession is exhibited only by a special subset of the QD o .
ensemble, termed “quasispherical,” in which there is an ef- The derivation of they factor in finite molecular systems

fective cancellation between the intrinsic anisotropy due tdS conducted by equating the phenomenological spin Hamil-
the hexagonal structure and that due to the nanocrystPnian,

shape, and resulting in isotropg factors, while all other

shape QD’s presumed to exhibit only electron precession. Hpnenoni= #8B-g-S @

We shall term this the isotropically quasispherical region,(whereﬂB is the Bohr magnetonB is the magnetic field

since no explicit' aspect ratio range is proposed and the use %ctor,g is the so-calledy tensor, ands is the spin vectdg
the term “spherical” refers only to the threefold degeneracy,yith the theoretical spin Hamiltonian

of the g-tensor components. This regime is to be distin-

guished from the geometrically quasispherical region in Hspin=Joues B+ &l s+ ugl-B. (2)

which the QD’s have aspect ratios near unity. In general, the

isotropically and geometrically quasispherical regimes mayHereg is the free-electrom factor, ¢ is the spin orbit cou-

or may not be coincident. pling, andl is the orbital-angular-momentum operator. We
In this work we investigate thg factors of CdSe nano- have neglected the contribution of hyperfine interactions

structures within the framework of semiempirical tight bind- here. This spin Hamiltoniaii gy, containing all magnetic-

ing. Unlike effective-mass treatmeritshis has the advan- field and spin-orbit coupling terms is to be added to a spatial

tage of retaining the atomistic nature of the problem, andHamiltonianH, that is evaluated here within tight bindify.

thereby allowing for realistic treatment of ligand and recon- Our method for calculating thg tensors ofn-doped sys-

struction effects at the surfadeSince it is possible to syn- tems follows the theoretical treatment made for finite mo-

thesize a wide variety of CdSe nanostructures, such as rodiscular systems by Stone, which treds,;, as a second-

and tetrapods, in a controlled fashitht is useful to have a order perturbatio® Similar extended Feckel treatments of

theory which may be applied to arbitrary structures. To demorganometallic compountfsand small radicalé have also

onstrate this point, we describe here calculations for botlbeen reported. Thgtensor for a doublet radical, correspond-

CdSe dots and for rods of variable aspect ratio. Additionallyjng to a single unpaired electron spin, is given by

it is possible to create electricaliydoped dots!*?although _ ‘

the g factors for these systems have not yet been experimen- (ol E(ri) i ) bl 1] o)

tally determined. To a first approximation, thedoped elec- 9ij = 9oij +2k%0 E,—E )

tron g factors will be equivalent to those of an electron in the ' "

conduction band. In light of this, we describe here theoreticalvhere{i,j} are Cartesian componentg, is the free-electron

treatments for botim-doped and excitonic systems. We haveg factor, ¢, denotes the single-particle eigenvector corre-

endeavored to use only tight-binding parameters applied presponding to the unpaired electron stateyuns over all of the

viously in the literature to treat other properties. In particular,doubly occupied and virtual orbitalg,(r,) is the spin-orbit

we employ a tight-binding description that was augmentectoupling as a function of, andl}, is the orbital-angular-

for linear optical properties’ We note that while this use of  momentum operator component in itie Cartesian direction

a parametrization that has not been optimized specifically fopentered on theth atom. We assume that the additional

magneto-optical properties may limit our ability to obtain goping electron can simply be placed in the lowest unoccu-

guantitatively accurate results, the qualitative physical bepied molecular orbita(LUMO) that is derived from the

havior should ngvertheless give us an understanding of th§ng|e-particle calculation. We have also neglected the
effects of NC size and shape on the anisotropy of dhe gayge-correction terf e.g., forg,,,

tensor. The calculations in this paper employ tight-binding

models of nanocrystals possessing unreconstructed surfaces, m

using realistic models of surface passivation developed p<¢o|2 (XE+ YD) &1 o). (4)
previously>!>14The modifications that might be induced by k

surface reconstruction will be briefly discussed in the contexirys js justified since both Stone’s analysis and our own

of calibration calculations made with truncated surfaces. preliminary calculations indicate that the magnitude of this
term is small. However, as discussed at the end of this sec-

Il. THEORY tion, as well as in Sec. IV B, our estimation of this term is

dependent on the magnitude of the transition dipole matrix

elements, and hence dependent on the parametrization of

The effective single-particle Hamiltonian is calculated these values.
with the nearest-neighbosp®s* basis tight-binding ap- We expand thenth single-particle state in terms of the
proach, using the standard semiempirical matrix eleménts, basis of atomic orbitals at thHesite,

A. Single-particle Hamiltonian
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five different equality or nonequality relations betwdek’,
[n)=2 |xE3) andk” (i.e., k=K' =K’, k=k' #k", k=K'#k’, k' =k"#k,
k#k’#Kk"). Evaluating these in the atomic basis, using the
S (o - relations| =l +% r. xp and p,=ims [H,«], and
=2 {cisils ke lpxk) taking the overlap between orbitals on different atoms as
zero(which is an assumption of the tight-binding formalism
+CEB)y,k)|pyak>+C§B)Z,k)|pz’k>+cgl,k)|5* K)o (5) it_self and not introduced in our derivatiprthen the correc-
tion term that must be added to tle component &,3,y

Here the ket form of{p) is to be understood as consisting Cartesian componentsf Eq. (8) is

of all the atomic {sp®s*}) orbitals on sitek, with coeffi-

cients included accordmg_ to ';he expression in ). We_ Eaﬁy(%)r(kﬁf)f<)($2)|[r(y)aHO]|XE(k)))>,
now introduce two approximations to simplify the evaluation v Zihi 7 &nngk) if

of the spin-orbit coupling and orbital-angular-momentum K" %K'

matrix elements in Eq3), following Stone'® First, since the (10

spin-orbit coupling isé(r)~r 3, then &(r,) is effectively
zero except near atok) and thus

<'ﬂo|§k(rk)|:<|l/’n)*@(g%”fk(W)'UX&E%)*§k<XEE))||L|XEE§

wheree, g, is the Levi-Civita symbolnn(k) indicates near-
est neighbors of th&th atom,m, is the electron rest mass,

), r(kﬁ,), is the 8 component of the distance between atdnasmd

6 K, r is they component of the position operator, aHg

) ) . ) is the tight-binding Hamiltonian. In the present tight-binding
where §, is the spin-orbit coupling constant for atoRl  gescription that is augmented for optical properties, the ma-
which has been parametrized for semiconductor systems kY. ajements off(*) are obtained from the empirical transi-

.19 _ _ . .
Chadi:™ £c4=0.151 eV,ése=0.32 eV. Since, in our current yinn dinole matrix element$ We have calculated the effect
model for CdSe, the oxygen ligands are modeled as consisfs s correction on the factor for all dots and rods. In no

ing of ans orbital only; they contribute no spin-orbit coU- s did it make a difference of more than &an the g
pling. This may be justified by noting thng=0.0187 eVIS  factor. Since this is beyond the inherent accuracy of tight
an order of magnitude smaller tha,.“" Second, for the  inging, we conclude that this contribution may be omitted,
orbital-angular-momentum matrix element, substantially reducing the computational cost.

<’Pn||{<| tho) = 2 <XEEZ)||L|XEE/),)>, (7 C. Electron g tensor for a pair of electrons in separate levels
k,,k"

) ) ) In the case of neutral, undoped nanocrystals, unpaired
using the relationl =1y, +7 " *ry, X p. Assuming that the spin[leading to a measurable electron-spin resondBE&R
atomic orbitals are approximate eigenfunctions of parity, wesignall is caused by the creation of an exciton. It is often
can show that for Eq6) not to vanish, the matrix elements stated that in a particular NC, one may observe either an
of p must vanish. In addition, a tight-binding treatment as-electrong factor due to only the conduction-band electron as
sumes that overlap between orbitals on different atoms ig result of rapid hole dephasing, or else a singfactor that

zero, leading to results from exciton precessiéi? The hole is assumed not
to precess and itg factor is used as a fitting parameter in the
. . . - . 4
| ~ WRTTRIVORY 8 effectlve-mags expression fo_r the exqtpfactor. _The glec—
(Wnlld o) kE e X ® tron g factor in this situation is, to a first approximation, the

same as the conduction-electrgnfactor calculated in the
preceding section.

However, there is also the possibility, analogous to mo-
lecular ESR, in which an electrapfactor is observed which
is due to multiple unpaired electrons. For an arbitrary num-
ber of unpaired spins in single-electron levpj$aving total
spin S, Eq. (3) become¥

Combining these two approximations, E§) becomes
gij = Yo Iij

S s |

j 0
2 <XEE2)|IJ r|XEk?)>
k/

+2
rgo EO_En

I I
(9) gij=905ij+ % E 2 E <‘//p|§k(rk) k|¢n><¢n| k|¢p>.

oo K E,—E
We have usedE,— E,|<0.05 meV as the criterion for de- Pon7e P (11)

generacy in the calculations reported here.

Though the first approximation, Eq®)—(7), is quite rea-  Only the electron configuration of highest multiplicity is ob-
sonable, one might question the validity of the second apserved in ESRand thus treated heresince the others have
proximation, Eq.(8). Indeed, in semiempirical intermediate nonzero electric dipole matrix elements with lower multiplic-
neglect of differential overlaiNDO) type calculation$!™?* jty configurations. In our case, this corresponds to$hel
it has been found numerically that this is not a good approxitriplet (“dark” ) excitonlike state, with neglect of electron-
mation. For the general elemeh)gg()|l'k,|)(8(,,)>, there are hole correlation.
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We remark that this approach is not generally applicable
to the treatment of the excitapfactor. In general, one needs
to consider the effect of the magnetic field on the total angu-
lar momentumJ=L+S of the particle. However, in the
n-doped case our state is a nondegenerate doublet ground
state and as such may be represented by a real wave func-
tion; as a resulfL) =0, allowing us to perform the treatment
above. This does not hold if one considers mixing with ex-
cited electronic configurations. Taking into account the effect
of magnetic field onJ with a nonperturbative treatment of
Hspin l€ads to similar trends in the anisotropy, however with
significantly lower magnitude of electron g factors, in better
guantitative agreement with experimgf® C. Chen and K.
B. Whaley(to be published.

Il. RESULTS
A. Building nanocrystals

The crystal structures used here for the dots are the same
as those used in previous tight-binding studié$These
crystals are faceted witle;, symmetry. They incorporate

ligand effects through a semiempirical oxygenlike “atom” g 1. Cross section of nanocrystal rods. Small circles are
that fully saturates the cadmium surface sites. The surfacgjand atoms. Large light circles are Cd atoms, and medium dark
selenium atoms possess dangling bonds. A set of calibratioircles are Se atoméa) Cross section of 21.4 %X 24.79 A (small)
calculations that removed the dangling bonds, i.e., truncategbd. (b) Cross section of 32.3 X45.5 A (large rod.

the surface Se atoms, was also performed in order to provide

some assessment of the effect of dangling bonds on the mag- B. n-doped systems

nitude of theg factors. To construct the nanocrystal rods, we 1. Dots

used the largest dot as a template for the crystal structure,

and then removed successive layers of the sides parallel tg We calc_ulated they tensor forn-doped dots with diam-
. . . . ters ranging from approximately 17 A to 50 A. Note that
the nonwurtzite axes in order to arrive at the desired rod,

diameter. Surface ligands were added using the hydroge since these calculations are atomistic, the dots are faceted
addition function in PC Spartan 2002, and then the Cd-ligan nd are therefore only approximately spherical. The effective

i . _sphericity is given in Ref. 13. The factor results for
bond lengths were lengthened to 2.625 A using a perl Scr'pbxygen-passivated nanocrystals are shown in Figh. Ve

Two series of rods were studied, possessing smaller or largeg ng theg factors to be relatively size independent, and to
cross sections. The firstsmalle) series has diameter possess averaggfactor values of-2. We have determined
21.4 Ax24.79 A, and the secondarge series has diam- ya|yes for the anisotropic componentsgs=2.010 andg,

eter 32.3 AX455 A Note that since the CI’yStal is in fact =2.004. These Components are |dent|f|ed by their degen_
hexagonal, two dimensions are required to completeleracy, withg, being twofold degenerate, awg being singly
specify the cross section of each rod, although we shaljegenerate. This small value of anisotropy would be ex-
loosely distinguish the two series by their effective “diam- tremely difficult to resolve experimentally, and the near-
eters.” In both series, the shorter rods were created by respherical shape dots are thus expected to appear “isotropic.”
moving two planegof total width 3.5 A of atoms perpen-

dicular to the wurtzite axis, in addition to the removal of 2. Rods

layers from the sides parallel to this axis. This additional \ve calculated the tensor forn-doped rods of diameters
removal was necessary to keep the surface characteristig® 3 Ax 45.5 A and 21.4 A<24.79 A for various lengths,
similar on all rod surfaces. This procedure for creating rodshown in Figs. &) and Zc—d), respectively. We found that
removes theC;, symmetry of the nanocrystals, but does re-in both cases thg factor changes abruptly when the length
sult in faceted rods possessing shapes that are qualitatively of the rod is~ 1.3 times the diameter. The anisotropic com-
agreement with the shapes characterized experimentally ljyonents in both cases experienced a similar discontinuity.
transmission electron microscopyAdditionally, in order to  For the smaller diameter (21.4>424.79 A) rod, the discon-
lengthen the rods, the structure of the preceeding 7.0 A in thénuity is betweeng;s,=1.998+0.023 (from 14.0 A to 28.0
wurtzite axis direction was duplicated and translated. Figurd) and gjs,=1.913+0.020 (from 31.5 A to 45.5 A, or

1 shows cross sections for the two series of rods employed g;s,=0.085+0.043 between the 28.0-A and 31.5-A crys-
here. Cross-sections of tl@®;, symmetry dots are shown in tals. This region is shown as an inset in Figc)2 Note that
Ref. 13. since this is a discrete atomistic treatment, we cannot “cut”
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FIG. 3. g factors in CdSe nanocrystals, calculated for electronic

FIG. 2. Conduction-electrory factors for then-doped CdSe f i having red elect ith lel spin i
nanocrystals. In all figures, dashed lines with open symbols reprec-On 'gurations having two unpaired electrons with paraflel spin in

sent the three anisotropic components ofghensor, and the solid ?(alencgt-h and condLl;ctIlon-band e?gle tsr:ates. '_” atlll flgures, daSh?d
line with filled circles represents the geometric m¢asotropic” g Ines with open symbols represent the three anisotropic components

facton of the componentga) n-doped dog factors as a function of of the g tensor, and the solid line with filled circles represents the
dot diameter in angstroms; the number of atoms varies from 96 tg.eometr.lc mear‘isotropic gfactor) of the components. Sge cap-
1783.(b) 32.3 Ax45.5 A cross-section-doped rodg factors as a tion (_)f F'g'. 2 for correspo_ndl_ng numbe_r Of. atqm;. C_omparmg to the
function of aspect ratio; the number of atoms varies from 705 tgprevious figure, the qualitative beha_mor is similar in all cag{a)s.
2252. Note the clear discontinuity in thgefactor at aspect ratios DOtT.'t(?.) 3i.3hAx' 45.'5'.& glrostsr;sectlon {ogs. l;lot;t:\at dV."h"e the
~1.3, and the quasispherical region extending between aspect raffp/& @tve behavior Is simrar, the magnitude o Giactor discon-
1.3 and 2(c) 21.4 Ax24.79 A cross-section-doped rody factors tinuity is rt_aduced by an order of magnitude) 21.4 A.X 2479 A

as a function of aspect ratio; the number of atoms varies from 19-?I’OSS-SECIIOI’I rods over a larger range of aspect ratios.

to 651. Note the jump in thg factor Ag;s,~0.1 at aspect ratio
~1.3 and the quasispherical regigshown in dashed bgx (d)
21.4 Ax24.79 A cross-section-doped rodg factors over a longer 1. Dots
range of aspect ratios; the number of atoms varies from 197 to
1773.

C. Neutral systems

We evaluated thg factor for an electronic configuration
with parallel spin electrons in conduction- and valence-band-
edge stateswhich we will refer to as the “excitonic elec-

the crystal at distances less than the 3.5-A spacing. For thgon” g facto for each of the dot sizes treated in Sec. Il B 1

larger diameter (32.3 X45.5 A) rod, we calculatedg;s,  using the approach discussed in Sec. Il C. Examining the

=0.3, with the discontinuity in the isotropgpfactor at~1.3  results in Fig. 8), the largest of the dots treated theoreti-
times the smaller dimension of the diameieetween 38.5 A cally here is comparable to the smallest dot treated experi-
and 42.0 A. Since this dot-rod transition discontinuity is at mentally, but there is no quantitative agreement with the ex-

least an order of magnitude greater than the TRFRperimentally measured factors of 1.630.01 and 1.565

resolution?® it should be possible to measure this effect and=+ 0.002,1.83-0.01 for the 40-A and 50-A diameter dots,

could provide a useful method of examining aspect ratiogespectively*° However, qualitatively, we note that there
during nanorod synthesis. Furthermore, it is worth noting theare no anisotropies larger than a factor-e®.1.

large deviation from the free-electranfactor and largeg

anisotropy that is possible by manipulation of shape alone, as 2. Rods

demonstrated in the highly elliptical dof§igs. 2b) and

2(c)]. In the case of the larger rods, we observe thatghe Se

factor is anisotropic for the dotlike structures, then become

essentially isotropic for crystals between the lengths 42

The excitonic electrorg factors for the rods treated in
c. Il B 2 are shown in Figs.(B) and 3c). The disconti-
?ﬁuity at aspect ratio 1.3 is still present but is reduced by an

. . ; rder of magnitude for both rod sizes as compared to the
and 71 A, and_then becomes anisotropic again fpr longer ro -doped electromg factor. However, the presence of an iso-
structgres. Th|s appears to bound. the isotropically quaslt'ropically guasispherical region is the same for the electron
spherical region between aspgct raups 1.3 anq 2. In_the Ca%f the excitonic system as for thedoped electrorg factor.
of the smaller rods, both the isotropic and anisotropic com-
ponents experience large changes as a function of size. This
is to be expected when making a size study of small struc-
tures based on an atomistic model, since adding a layer of Surface reconstruction is an important factor in the optical
atoms to a small system provides a large perturbation o$pectroscopy of small NC¥%. One result of surface recon-
shape. struction for CdSe nanocrystals passivated by oxygen ligands

D. Truncated surface calculations
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FIG. 4. Conduction-electrog factors forn-doped CdSe nanoc- FIG. 5. g factors for neutral CdSe nanocrystals with Se dangling

rystals with Se dangling bonds truncated. In all figures, dashed line3onds truncated. All calculations are made for electronic configura-
with open symbols represent the three anisotropic components ons having two unpaired electrons with parallel spin in valence-
the g tensor, and the solid line with filled circles represents the@nd conduction-band-edge states. In all figures, dashed lines with

geometric meait‘isotropic” g facton of the components. See cap- ©Pen symbols represent the three anisotropic components f the
tion of Fig. 2 for corresponding number of atonfg) Dots. The  tensor, and the solid line with filled circles represents the geometric
decrease in the factor magnitudes for the 35-A diameter dots is Mean(“isotropic” g facton of the components. See caption of Fig.

increased as compared to the dangling bond calculations, but ti for_corresponding number of atomsa) Dots. (b) 32.3 A
overall qualitative behavior is unchangeth) 32.3 Ax45.5 A X 45.5 A cross-section rodgc) 21.4 Ax24.79 A cross-section

cross-section rods. Note the abrupt change at aspect+ti®, but rods. Note in all cases the qualitative similarity to the conduction-
the lack of an isotropic behavior between aspect ratios 1.3 and 2 §2nd electrorg factors shown in Fig. 4.

seen in the dangling bond calculation in FigbR (c) 21.4 A

X 24.79 A cross-section rods. These small rods show qualitatively factors of small nanocrystals in both quantitative and quali-
different behavior, with the factor becoming isotropic at signifi- tative terms, and warrants more detailed investigation.
cantly larger aspect ratios, greater tha.

E. Orbital character

is to move the Se dangling bonds away from the band edge 14 examine the origin of the discontinuity in tigefactor
to lower energies. To a first approximation, this can be mody; a5pect ratio 1.3, the appearance of isotropic regions, and
eled by removing the dangling selenium bonds on the surfacge general qualitative behavior gf we examined the char-
of the NC. To ascertain the qualitative effect of surface re-gcter of the near band_edge orbitals. For the conduction-
construction on our results, we performed the calculationgand-edge state and nine states above as well as the valence-
for truncated nanocrystals without the dangling seleniunband-edge state and nine states below, we calculated the
bonds. Results are shown in Figs. 4 and 5 for thdoped  fractional contribution of the various types of atomic orbitals
electron, and excitonic electron, respectively. to the given molecular orbital. The results for the 32.3 A
Overall, we found the effect of surface truncation to be ax45.5 A rod are shown in Fig. 6. The left panels show the
decrease in magnitude of thefactor. For dots and for the orbital contributions with the inclusion of dangling Se sur-
32.3 Ax45.5 A diameter rods, the behavior of thdactor ~ face bonds, and the right panels show the results from trun-
components is qualitatively similar for both dangling andcated nanocrystals with the dangling Se bonds removed.
nondangling cases. The apparent degeneracy of two af the Shown within each figure are graphs for the orbital contribu-
components in the dangling bond calculatipRigs. 4b) and  tions where the maximum fractional content exceeded 0.15.
3(b)] is broken in the truncated calculatioffsigs. 4b) and  Dotted lines depict the conduction-band-edge and higher
5(b)]. For the smaller 21.4 & 24.79 A diameter rod§Figs.  states, and solid lines depict the valence-band-edge and
4(c) and Hc)] the behavior of they components for surface lower states.
truncated systems is qualitatively different. In particular, the Qualitatively, the fractional orbital content of the
g factor becomes isotropic at aspect rati® for both the conduction- and valence-band-edge states behaves similarly
n-doped[Fig. 4(c)] and excitonidFig. 5(c)] electrong fac-  for both types of surface treatments. There is an increase in
tors. Since one would expect the smaller crystals to show the Cds contribution at aspect ratie-1.3, which then de-
more profound change due to their larger surface area toreases at aspect ratio 2.5, corresponding to a simultaneous
volume ratio, it is not entirely surprising that the behavior of decrease of the Se-contributions. While the behaviors of
small rods deviates from that of larger rods. The results sugthe valence- and conduction-band-edge states themselves are
gest that surface reconstruction is an important effect for theelatively unaffected by the surface treatment, truncating the
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a) b) on both the magnitude and the anisotropy of gHfactor. An
I ' T ] I ' ' ' ] examination of CdSe rods using the semiempirical pseudo-
=08 Cd-s (dangling) =08 Cd-s (truncated) potential method by Het al?® studied changes in the elec-
2o.6t 1 Lo ] tronic states as a function of rod length. In particular, level
§0.4Z §o.4 crossing occurs between the two highest occupied orbitals
Hoak 02 (i.e., the HOMO and the level below it, HOMO-ht an

0 . . . N ) N ] aspect ratio of~1.3, and of the HOMO-4 and HOMO-5
bole 2 25 3 T L5 2 25 3 Jevels at an aspect ratio 2. In each case this level crossing

C)l_ . A.SpeCt,Ratlc,) d) . As,peCt ,Ratlo, involved a change in relative contributions of Sg,4nd Se

ol Se-px 1'_: """" Se-px 4p,,y levels, matching linearly polarized emission spectro-
PSP scopic resulté’ We observe qualitative agreement with these
206 results, as discussed in Sec. Il E. However, since the
EO"‘I_ pseudopotential study of Het al. does not include surface

0.2 . ] o reconstruction effects, the details for small nanocrystals may

e R T L e e differ. It is obvious, however, that these changes in the or-

e) Aspect Ratio f) Aspect Ratio bital arrangement will have a large effect on théactor, as

I ' ' ' I ' ' ' ] it is dependent on the orbital angular momentum of the state

Se-px 1 o4 Se-px ] in question.

] F ] Additionally, we have performed calculations in which we
turned off the wurtzite crystal field correction in our nontrun-
cated surface calculations to assess the role of the crystal
symmetry on theg factor discontinuity. For both rods, this

' 2 25 s .-.‘5 3 resulted in splitting the approximately degenergtevels in
g) A.SpeCt,Ratl(,) h) AslpeCt 'Ratu? the regions outside of the range of aspect ratio 1.3-2, but the
It Se-px ] It Se-px existence of an isotropic region as well as the discontinuity
0.8 - ] 0.8 -

ot 1 7% ] in the isotropicg factor persisted. This suggests that the dis-

i continuity and isotropic regions that we observe are shape
effects, rather than simply a cancellation of the wurtzite crys-
tal field, as proposed in the quasispherical mddel.

1.5 2"”li‘“ y
Asfaect Ratids 2. Connection to experimental observation of multiptefactors

53 0~

T 15 2 2
Aspect Rati
We conjecture that this discontinuity effect may play a

N e o i et of 211 (1 exstence of o factors i he experimerts on
pect ratio. The number of atoms varies from 705 to 2252. Dotte(%%'& radius quantum dots. This size dot is unique in showing

X . . - four g factors: both slightly smaller and larger dots display
| d t th tent of th duction-band ed d th . .
Ines depic Ie coment of the conducion-band eage and e Mgy 1vo 245t is well known that the so-called “dots” are in

levels above; solid lines depict the content of the valence-band ed t ellintical iricallv ob d relati for the ellinti
and the nine levels below. Orbital types where the maximum frac-,aC elliptical; empirically observea reiations for the elliptic-

tional content was less than 0.15 are omitted. Left column panelgy of quantum dots as a function of size, based on transmis-

are with the inclusion of Se dangling bonds, right column panelsSion electron microscopy data, give an aspect ratio34 for
truncate Se dangling bonds. the 57-A dot, whereas other dots have either smaller or larger

aspect ratio&*?8 Since the size control is of the order of

dangling Se surface bonds appears to be a reduction in thie5%, this suggests that unlike the other samples studied,
Sep content for the other states. This is not surprising, inthe size distribution of the 57-A dot may in fact span the
light of the similarity between thg factor behavior for the discontinuity we observe here. We have tabulated the dot
dangling and truncated calculations. size, number ofg factor components observed, and aspect
Results for the smaller rods are more complicated, and arétios in Table I. This suggests two possible situations that
not shown. Although the Cd-atomic-orbital contribution is May give rise to fourg components. The first scenario as-

similar for both surface treaments, the Béevel is qualita-  SIgnS the components as resulting from an exciton and an
tively different. isotropic electron componeitas assigned in effective-mass

studie$® deriving from the portion of the NC ensemble in
the isotropically quasispherical region, plus two anisotropic
electron components from the lower aspect ratio portion of
A. Shape-controlledg factor discontinuity the ensemble. The second possible assignment arises from
. . . . one electrorg factor and one excitog factor on either side
= Relat'oan)NfggheSt occupied mo.leCU|ar orbital) of the discontinuity. It is our hope that this analysis will
/LUMO wave function encourage TRFR experiments on even more precisely size
The result concerning the discontinuity in thdactor for  selected nanocrystal samples, as well asnatoped nano-
CdSe rods at the 1.3 aspect ratio suggests that small sizeystalline systems, in order to distinguish between these as-
differences in the growth axis length can have large effectsignments.

IV. DISCUSSION
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TABLE |. Number of g factor components observed in TRFR also appear to hold when the spin Hamiltonian is treated
experiment&” as a function of nanocrystal effective radius and as-nonperturbatively[P. C. Chem and K. B. Whaleyto be
pect ratio. For the 22-A and 25-A dots, we use the sixth-orderpub“shed],
polynomial fit to aspect ratio described in Ref. 13; for the 40-A and The issue of surface effects is complicated by the shape
50-A dots we use the linear fit described in Ref. 28; for the 80 A dotdependence of thgfactor. To proceed in future work, it may
we use the aspect ratio given in Ref. 4. be most effective to decouple these two effects. To examine
the effect of shape alon@noring surface reconstruction ef-

Effective radius(A) Aspect ratio g components fecty, one may modify the existing effective-mass treat-
22 1.17 1 ments of theg factor in spherical nanocrystals to treat rods.
25 1.20 2 This would have the added benefit of being able to treat the
40 1.23 2 larger experimental nano_crysta_l sizes, in particular the 57-A
57 1.34 4 dot, to test whether the discontinuity in thdactor at aspect
80 5 5 ratio 1.3 is present for larger size crystals. Second, since we

have seen indications that surface reconstruction may have
substantial qualitative effects on the behavior of ghfactor
in small nanocrystals, one may apply the tight-binding sur-
face reconstruction methogia total-energy minimization
There are several limitations of this study. The first is duepreviously applied to CdSe nanocrystais, order to resolve
to the use of ap’s* semiempirical basis. In particular, the the differences between the dangling Se bond and truncated
s* orbital was introduced by Voget al. with the intent of ~ Surface calculations, and to determine whether this plays a
mimicking d orbitals?® While satisfactory for optical calcu- Tole in why the smallest dot studied in TRFR experiments
lations, this orbital has no angular momentum, sine® for ~ Shows only ongy factor componertt:
s*, as opposed tb=2 for d. To go beyond this initial analy-
sis, one might have to includiorbitals(i.e., use ap>d® or
sp’d®s* tight-binding basisor else to include angular mo-
mentum for thes* orbital empirically. Additionally, it is not We have developed a tight-binding theory for the Lagde
clear that the semiempirical basis accurately corresponds tensor for electrons in-doped and excitonic systems, which
the eigenfunctions of angular momentum that we attribute tave have applied to CdSe quantum dots and rods. For
it via s, p, etc., labels. Second, the ligand model treats oxyn-doped systems, we found the electgpfactor for approxi-
gen as ars-orbital only, neglecting any angular-momentum mately spherical dots to be independent of dot size, while a
contributions. As mentioned in Sec. |l B, this is partially jus- discontinuity in theg factor appears as treeaxis is extended
tifiable by the much smaller spin-orbit coupling of oxygen to form rodlike structures. Similar behavior is observed for
compared to Cd or Se. However, for small crystals we expeatxcitonic electrons, although the magnitude of both ¢he
that this may fail, since the ratio of ligands to semiconductorfactor and its discontinuity was found to be dependent on the
atoms increases. Again, it may be necessary to include tmeatment of dangling surface Se bonds. We also observe the
larger basigi.e., p orbitals on the oxygen atorer to deter- existence of an isotropically quasispherical regime between
mine an empirical correction to account for this effect. Third,aspect ratios 1.3 and 2 in all cases. This appears to corre-
while we found the correction to Stone’s second approximaspond to the “quasispherical hypothesis” suggested in the
tion, Eq.(10), to be negligible, this is dependent on the va- effective-mass treatments of thefactor’ However, whereas
lidity of the transition dipole matrix elements, which were the previous treatments consider this as arising from the can-
empirically devised to reproduce optical specfrand as a  cellation of wurtzite crystal-field effects anby shape terms,
result may not be applicable to magneto-optical problemsthe isotropic region we observe here appears to be primarily
Fourth, the neglect of off-site terms in the evaluation of thedue to shape effects, and occurs even in the absence of the
angular-momentum matrix elemerjtsgs. (7) and (8)] fur-  wurtzite crystal field. Comparison with available experimen-
ther decreases the magnitude of the shift from the freetal TRFR data indicates that the discontinuity between the
electrong factor. If a more quantitative analysis were de- anisotropic and isotropic regions offers a possible explana-
sired, one could directly parametrize these angulartion for multiple g factors.

momentum matrix elements by fitting to bulk or &b initio _ )
calculations of they factor in small clusters. To our knowl- Not€ added in proofAn effective mass treatment for rod-

edge, the latter has not been performed for CdSe, although aped v_vurtzite nanocrystals has recently been pr.esented by
there exist separate studies of density functional theory! @nd Xia, but the method has not yet been applied to the
(DFT) calculations on CdSe clusters of sizes up~&@00 calculation ofg factors[X.-Z. Li and J. B. Xia, Phys. Rev. B
atoms® as well as methods to calculate thetensor using 66, 115316(2002].

DFT3! Finally, while treating the spin Hamiltonian perturba-
tively is satisfactory in organic and organometallic
molecules® this approximation may not be as appropriate
for the quantitative description of semiconductor systems, We would like to thank Kenneth Brown for many insight-
due to the larger spin-orbit coupling constants. Neverthelesgul conversations. J.S. thanks the National Defense Science
the qualitative trends with respect to shape observed here dmd Engineering GrantNDSEQ program and U.S. Army
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