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Excited states in artificial atoms via equation-of-motion coupled cluster theory
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Excited, ionized, and electron attached states of parabolic quanturfoftets referred to as artificial atorms
are treated with the equation-of-motion coupled cluster theory. Collective excitations are often important,
implying the need for accurate inclusion of correlation effects in excitation spectra.
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[. INTRODUCTION complement to our previous ground-state stufli€Ehis
method is designed to treat excited states accurately and falls
During the past several years, semiconductor quanturwithin the widely used family of coupled-cluster
dotd~* have attracted tremendous interest, both experimermethods:®*°With a suitable basis set of Gaussian functions,
tally and theoretically. Between two layers of one semicont is well known that in terms of accuracy, ground-state elec-
ductor is placed a thin layer of a second semiconductor; thi§onic structure calculations generally follow the pattern HF
thin layer, a few nanometers in thickness and tens to hun< MBPT(2) < CCSD < CCSDT < full Cl, where
dreds of nanometers across, comprises the quantum dot. EMBPT(2) is second-order many-body perturbation theory
cess electrons are driven into the dot by an overpotentiaBnd CCSD means coupled-cluster theory limited to single
where they are essentially confined to two dimensi@t). and double excitations, while T indicates inclusion of triple
Quantum dots have often been called “artificial atoms” excitations as well. The full configuration interacti¢@l)
because they share some of the properties of real atoms, sug@rresponds to thé&l-electron excited limit and is the best
as degenerate level structure and discrete spectra with rel@ossible solution in the basis set. Similarly, for excited, ion-
tively narrow lines. Among other things, artificial atoms ex- ized, and electron attached states, we have a coordinate para-

hibit lasing, just as real atoms doHence, the design of digm of converging accuracy, CIS: EOM-MBPT(2) <
devices built upon quantum dots is of great interest. HowEOM-CCSD < EOM-CCSDT < full CI. Here, CIS is the
ever, such design requires a coordinate, predictive theoreticgPnfiguration interaction limited to single excitatiofalso
description of the properties of quantum dots, in their grouncdknown as the Tamm-Dancoff approximatjprand EOMX
as well as excited states. For an electronic structure theory tgdicates the EOM based upon a ground-state wave function
be predictive, it is necessary that it properly include the efof type X.
fects of electron correlation. Previous work has demonstrated [n the coupled cluster formalism, the ground-state corre-
the essential effects of electron correlation on ground statetted wave function is written as an exponential wave opera-
using coupled-clusttand quantum Monte Cari§ methods. tor acting on a single-particle reference, such as a Hartree-
Here, we wish to address the issue of electron correlation ifrock or Kohn-Sham determinant:
excited and ionized states. -

Direct attempts to access excited states computationally |T)=e'[Dy), (1)
by using traditional ground-state methods are hampered bynereT is of the form
the need to make the excited states orthogonal to all lower

states. Typically, such direct computations are limited to the N

lowest state of a given spin and spatial symmetry, and ac- T= E T,, (2
cessing other states, such as the higher states of the same n=1

symmetry, requires more advanced techniques. These meth-

ods for treating excited states include exact diagonalization 1 @ A At 4 )

when applicabl&!® time-dependent density functional Tn:(n,)z i E| G i’n”aDla;z- alin, (3
theory;*~**and time-dependent Hartree-Fock thebr{ Ex- Ve

act diagonalization is limited to very few electrons. Time- . ] ) . )
dependent density functional theory suffers from an unanda'i excites an electron from thieh occupied orbital to
approximation, staticexchange-correlation functional, mak- duce the operator

ing it impossible to be “predictive” in the sense of converg-

ing to the e_xact answer. Time-dependent Hartrge—l‘{btf@ Rk:(rk)0+2 (rk)?aTi +2 (rk)ﬁbafibfj + - =(Ry)o
theory (equivalent to the random phase approximatibas

no electron correlation effects, and these are required for an

accurate treatment; electron correlation must be included in T(RILH (Rt @
any predictive theory of excited states. Then inserting the wave function ansatz

Hence, we use the highly correlated equation-of-motion
coupled clustdf (EOM-CC) method, the excited-state [P ) =ReT| D) (5)
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into the Schrdinger equation, we obtain Ne
. qu(r):<¢o|LpeT(Z 5(r_ri))eTRq|q)0>' (12
e "[H,RJe'|®o)=[H,R]|Po) = (Ex—Eo)e” TRee"|do) -

— & R o). ©6) The model Hamiltonian for a quantum dot'fs
By diagonalizing the coupled-cluster effective Hamiltonian N 2 1 N 1 N1
y g g p H(m*,K,w):E pl +_m*w22 I'|2+— E ]
o i1 2m* 2 -1 K i<]=1 i
H=e THe' 7 (13)

in the space of determinants defined by the truncation of thevhere the electrons are confined to two dimensions, and the
R operator, we obtain the right- and left-hand amplitudes andnaterial constants™* (the effective magsand « (the dielec-

the eigenvalues. Limiting th& operator toT,+ T, defines tric constant are scaled from the problem by making use of
the coupled-cluster singles and douBfesnodel for the the relationship

ground state and witlR truncated after double excitations

yields the equation-of-motion coupled-cluster singles and E(m*,k,0)=E(1,10"),

doubled! model for the excited statgsised in most of this

work), in which the effective Hamiltonian is diagonalized in K?

the space of singly and doubly excited determinants. Adding w'= gl (14

the initial triple excitation terms tdl, and R; gives the

EOM-CCSDT-3 method? SinceH is non-Hermitian, in ad- Thus, we will present results only fon* = =1, with the

dition to the right-hand eigenvect®; , we have a left-hand confining frequency treated as the fundamental parameter. In

eigenvector these units, the energy is measured in effective harEges
Typical values of the materials constants ar&=0.067m,

(D Lkﬁ:<q)0||—k8kr (8) andk=12.4(GaA9, and% w is usually on the order of a few

meV; when scaled into effective atomic units, this gives a

with the same eigenvalug,. We choose the normalization frequencyw’ on the order of 0.1-1 effective hartrees. In
terms of the dimensionless parameter

(Po|LiRj| @)= &; . 9)
) . o e?/(kly)
For the ground staté,; is 1+ A andR, is 1. Here A is just A= et
that operator which makes the coupled-cluster energy sta-
tionary to variation in the amplitudes {7, etc) and is ex- ;
panded as = —, (15)
m* w
N
A= A, (100  which is the ratio of the characteristic Coulombic and har-
n=1 monic energies, we have the scaled relationship
— .82 AnjTa i Ta,- - -ilay, (12) = — (16)
n (n')z il---in igsip, .o 1911292 n“n>» \/;’

so that our calculations cover a rangefbetween 1 and

and the expansion iA , is truncated in the same way as the ghout 1.83.
expansion irl,, which is in fact the leading contribution to  We consider three basis sets in this work; all consist of
Al Cartesian Gaussians. Our standard basis set contains func-

There are many extensions to the standard equation-ofions ofs, p, d, andf type (due to cylindrical symmetry, these
motion approach. By modification of the expansion of thecorrespond t&, II, A, and® functions, respectively, with
EOM operatord  andRy for the effective Hamiltonian, one g functions denoted by'), with exponents of 0.08* w,
can directly study electron attachment and removal process€sim* w, 0.2m* w, 0.4m* w, 0.6M* w, M* w, and 2n* w. To
through the EA-EOMRef. 23, and IP-EOM(Ref. 24 vari-  assess the importance gffunctions, we add them with ex-
ant methods, respectively. The latter can be viewed as arisingonents of 0.t0* v, 0.2m* v, 0.4Mm* v, 0.6M* w, andm* w.
from allowing excited orbitala to be in the continuum, Finally, for computational ease, we remove the smallest and

which thereby reduces the amplitudes of Beperator tor; largest exponents for the, p-, d-, andf-type functions and
andribj . EA-EOM is the reverse, with amplitudes, r2®, add just twog functions, with exponents of 0¥ w and
etc. 0.6m* w. These basis sets do have near linear dependences,

From the left and right eigenvectors for the effective and following a transformation based upon eigenvalues of
Hamiltonian, one can evaluate properties conveniently viathe overlap matrix, the nearly linearly dependent combina-
for example?! the transition densities, or when=q, density  tions of basis functions are simply dropped from the calcu-
matrices for thepth state: lation. Once this is done, our basis sets consist of 60, 77, and
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TABLE I. Ground- and first four singlet excited-state energies of a 2-electron dot from variational
calculation and from CCSD and EOM-CCSD.

Ground s—2p 1s—3d 1s—3s 15— 2p?

w var CcC var EOM var EOM var EOM var EOM

0.3 1.082 1.083 1.382 1.384 1.447 1.447 1.627 1.629 1.682 1.687
0.4 1.376 1.377 1.776 1.779 1.887 1.887 2.105 2.108 2.176 2.179
0.5 1.660 1.662 2.160 2.164 2.322 2.322 2.574 2.577 2.660 2.665
0.6 1.937 1.939 2.537 2.542 2.753 2.754 3.036 3.041 3.137 3.143
0.7 2.209 2.211 2.909 2.914 3.183 3.183 3.494 3.499 3.609 3.615
0.8 2.476 2.479 3.276 3.282 3.610 3.610 3.948 3.954 4.076 4.083
0.9 2.740 2.742 3.640 3.646 4.035 4.035 4.399 4.405 4.540 4.548
1.0 3.000 3.003 4.000 4.007 4.459 4.459 4.847 4.853 5.000 5.009

50 functions, respectively. All computations used Aloes I and with «, B, and all higher coefficients vanishingie
program systerf with the vmoL integral package modified have found that using the coefficieat as our only varia-
to generate the appropriate two-dimensional integrals. tional parameter and taking=0 for the ground state pro-
vides accuracy to about five decimal places, since adding a
Il. BASIS SET ASSESSMENT nonzeroB as a second variational parameter changes the

energy only at that level. The first excited-state is an excita-
tion in the center-of-mass coordinate, with excitation energy
To help assess the basis set error in the excitation enet, and the second singlet excitation energy is the lowest
gies, we examine 2-electron dots. Since both the groundstate withm=2, again estimated witlB=0 and « as a
state CCSD and excited-state EOM-CCSD are formally exvariational parameter. The third excited state is another exci-
act for 2-electron systems, the error in these calculationgation in the interelectronic coordinate, this time with
must be due entirely to basis set. In order to generate essea-0. We therefore findv as the function of3 that makes the
tially exact, basis-set-independent results, we make simplground-state and excited-state wave functions orthogonal,
variational estimates of the first several eigenstates in thand treat8 as the variational parameter. Finally, the fourth
following manner. excited state is again an excitation in the center-of-mass co-
For a 2-electron dot, the Hamiltonian is separable intoordinate, with excitation energy«2
center-of-mass and relative coordinates. The center-of-mass Using onlys, p, d, andf functions, we show in Table | that
Hamiltonian is a simple harmonic oscillator, while the rela-the basis set error in the ground-state energy is anfeig,

A. Two-electron dot

tive Hamiltonian is only and the basis set error for the excited-state energies is
1 1 about twice that for the lower excited states, a bit larger for
_y24 Zw2r2+ = (17)  the higher excited-states. Of course, the basis set error in the

excited-state energy is expected to partially cancel with the
basis set error in the ground-state energy, so that the excita-
tion energies should be more accurate than the total energies.
As seen in Table I, this is indeed the case; the errors in the
excitation energies are comparable to the error in the ground-

After separating out the angular pat"® (note that the
guantum numbem controls the particle exchange symmetry
of the spatial part of the wave function and hence control
the spin; singlet states have evenand triplet states have
oddm), we are left with a one-dimensional eigenvalue prob-

lem TABLE Il. First four singlet excitation energies of a 2-electron
1d q 1 1 ) dot from variational calculation and from EOM-CCSD.
m
- = r_llf d + —w2r2+—+——E | l,b d=0. 2 2
rdr\ dr’r 4 roor2 rel | ¥ra 1s—2p 1s—3d 1s—3s 1s’—2p

(18)

The Ilong-range part of the sgluhon is Gaussm_m with expo-os 0300 0301 0.365 0364 0545 0546 0600 0.604
nentz w, the short-range part is", and the remainder of the

wave function can be expanded in a power series as 04 0400 0402 0511 0.507 0729 0.731 0.800 0.802
0.5 0.500 0.502 0.662 0.660 0.914 0.915 1.000 1.003

0.6 0.600 0.603 0.816 0.815 1.099 1.102 1.200 1.204
r+ar?+pré+0(r?). (19 07 0700 0703 0974 0972 1.285 1.288 1.400 1.414
0.8 0.800 0.803 1.134 1.131 1.472 1.475 1.600 1.604
The exact wave function takes this form for known solutionsp g 0.900 0903 1.295 1.293 1.659 1.663 1.800 1.806

of the model Hamiltoniarifor example, withw=1, the ex- 10 1.000 1.004 1.459 1.456 1.847 1.850 2.000 2.006
act ground-state solution takes the above form waits O,

var CcC var EOM var EOM var EOM

+
1 1+2m
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state energy for the lower states, and while the error is some- 4p, 4n,

what larger for the more highly excited states, it remains well

under 10nE; . TR W oyl
Thus, we see that even withogtfunctions, the basis set

used is adequate for lower excitation levels, with a basis set

error on the order of a fewnEf;. Incomplete treatment of

correlation should be the main source of error for three or

more electrons, at least until higher-angular-momentum

functions start to make significant contributions to the wave 3s
function. 3d,, 3dz 2
B. Influence of g functions
For quantum dots with more than 20 electroggl’)
functions must be included for even a qualitatively accurate 2p, 2p,

Hartree-Fock calculation, as they begin to be occupied at that
point. Of course, both correlated and excited-state calcula-
tions would requirel” functions for even fewer electrons.
Thus, for higher excitations and for larger electron number,
the basis set chosen might not be adequate. To assess this
possibility, we expand our basis to inclufletype functions. FIG. 1. Closed-shell Hartree-Fock orbital energy diagram.
This adds substantially to the expense of the calculation;

CCSD scales as=nZ nt, Whereny. andn,;, are the Their influence is of course somewhat more pronounced for
number of occupied and virtual orbitals, respectively, so thati2-electron dots, but remains underniEf;, even atw
Computations in the Iargest basis set used require about thri%lE’;‘ , where the excitation energies are several tenths of

the time of those in the middle basis set, which themselvegn effective Hartree. Results are similar with the smallest
require twice the time of computations in our smallest basigasjs set used.e., that with 50 basis functions

set. We therefore limit our results to 6 and 12 electrons, for  gjnce adding functions seems to have a fairly minimal

the highest and lowest frequencies of interest=(LEf; and  impact on the excitation energies but increases the cost of the

w=0.3E}). CCSD by a factor of almost 3, we concentrate on smaller
The inclusion ofl" functions has a substantial effect on basis sets in the rest of this work. In order to make contact

the total ground-state energy for the 12-electron dot, lowerwith earlier work, we have also made only minimal use of

ing the estimate by a few tenths of an effective Hartreethe smallest basis set.

(0.1F}, for 0=0.3E}, and 0.1&}, for o=1E};), a number

on the order of the lower excitation energies. As would be

expected, the effect is not as pronounced in the 6-electron

dot (0.04€&}; for »=0.3E}; and 0.05&}, for w=1E}), but It is helpful in attempting to describe excited states to
is still sizable. This of course indicates that inclusion of characterize them in terms of excitations out of mean-field
higher-angular-momentum functions is important in describ-orbitals. In Fig. 1, we give the orbital energy diagram for the
ing properties of quantum dots with several electrons, thougklosed-shell dot as a reference. Because the model one elec-
as we have seen, these functions are unnecessary for onlytran problem has the electron confined by a harmonic poten-
few electrons. The excitation energies are expected to be lesal rather than by a Coulombic potential, the angular mo-
sensitive to the omission df functions than the total ener- menta for a principal quantum numberun fromn down to
gies, due to partial cancellation of error. zero, decreasing by steps of 2 instead of 1. Also, of course,
Indeed, we find that adding functions seems to have a there are only two functions of a given angular momentum
fairly insignificant effect on the excitation energies for and principal quantum number.
6-electron dots, on the order of a fewE}; at w=0.3E};. Note, however, that as customary in molecular theory, we

1z

Ill. ORBITAL PICTURE

TABLE lll. Representative excitation energies and AEL for the 12-electron dot.

0=0.3E} o=1.0E},
€ Dominant excitations ~ AEL |R4| € Dominant excitations ~AEL ||Rg|
0.176 Z—4p 1.15 0.920 0.680 8- 4f 1.07 0.960
0.180 F—4f 1.16  0.920 0.686 8—-4p 1.07 0.963
0.191 3 —4f 1.12  0.940 0.687 @—4f 1.06 0.970
0.209 —4p 1.15 0.909 0.779 &—4p 1.07 0.962
0.213 3 —4p 3s—4f 1.15 0.919 1.065 &@—-4f 3s—4p 1.05 0.967
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TABLE IV. Representative excitation energies and AEL for the 6-electron dot.

o=0.3E} o=1.0E},
€ Dominant excitations ~ AEL |R4 € Dominant excitations ~AEL ||Rg
0.089  2—3d2p—3s 111 0.937 0.499 a—3d 1.05  0.969
0.120 2—3d 1.09 0.948 0.561 g— 3d 1.04 0.975
0.154 2—3s 1.18 0.891 0.682 R—3s 1.08 0.952
0.166 2—3s 1.22 0.876 0.719 R—3s 1.11 0.946
0.190 2—3d 1.20 0.887 0.734 g—3d 1.10 0.946

use real basis functions; hence, for systems that differ by onke described as a nearly pure double excitation; the corre-
electron from a closed subshell, cylindrical symmetry is lostsponding condition ofiRg| is |Rg|~0.

unless the subshell being filled has zero angular momentum. Unsurprisingly, we find that substantial double-excitation
Further, the orbital picture can be somewhat misleading ircharacter is found in many fairly low-lying states for dots
that naive application of Hund’s rule may predict the wrongwith weaker confining potential, and that as the confining
spin state. For instance, Hund'’s rule would predict that thepotential becomes stronger, the double-excitation character
10-electron dot is a closed-shell singlet, but because the spinlecreases. In Table 1ll, we provide results for a 12-electron
spin interactions stabilize the triplet relative to the singlet,dot, and in Table IV we do the same for a 6-electron dot; the
our calculations find that the triplet becomes the ground stateolumn headed “Dominant excitations” describes the domi-
for small enough confining frequenciésetweenw = 0.3E}; nant transitiofs) in the excited state as read from the right
and 0.£}). On the other hand, we find that Hund’s rule eigenvector.

does apply for the 4-electron dot, about which there has been In both cases, we see that the AEL is markedly lower for

some Controversy7 even at a frequemy: Ozazﬁ (Corre_ the hlghel’ f_requenCi_es, by somewhere between about 005

sponding tox =1.89)."% and 0.1, which are sizable numbers on the scale of the diag-

nostic. At the same time, the norm of the higher excitation

part of the eigenvectors decreases by roughly a factor of 2.

For the 12-electron dot ab=1E},, we find AEL numbers

A. Onset of double-excitation character low enough(and single-excitation character in the eigenvec-

. Lo ... tors high enoughthat the EOM-CCSD excitation energies

chg:ftgrairt] ilefgg\?vnsﬁ%tren?gllf-:-ciIgeTlt(I?\Zrt]titgog:é?:r?[;(ticoltr?“t?y%re most probably reliable. At the weaker cor?fmement., hpw—
' ever, the larger AEL numbers and lower single-excitation

g‘ciurigyégc(:gf CoTreStgOdme?heggsmessuchsogevrﬁst tirrl]ees_scharacter indicate that some inclusion of triple excitations

dependent Hartree-Fock method and CI singles can be onay be necessary for a proper description of these states. For

ected to fail Accordingly, it is important to discover when Yhe 6-electron dot, however, only the first few excited states
P gy, P even at the higher frequency are almost certainly reliable;

excited states start to exhibit substantial double—excnano%w:)n the fourth or fifth states up might require triple excita-

character, so that a more_advanced correl_atgd groundjst Bns in the ground-state reference. At the lower frequency of
treatment and correspondingly more sophisticated excited-

— * H H H H
state treatment can be used. 0=0.3E}}, some inclusion of triples may be important for

To help ascertain the importance of double excitations in zg” the states an_d is almost cert_ainly necessary for any but the
given excited state, we use two measures. One is the norm fst feyv excitations. As an aside, note thft the lowest two
the single-excitation part of the right eigenvector for the stat€*citations in the 12-electron dot at=0.3ey are reversed

of interest[explicitly, this is given by|Rd|2=3 (132 the from the mean-field a_nd CIS ordering, an indication of the
remainder of the eigenvector is presumed to be constitutelinPortance of correlation.

principally of double excitatiordsand the other is the ap-
proximate excitation levelAEL) metric of Stanton and

IV. EFFECTS OF HIGHER EXCITATIONS

TABLE V. Triples correction to correlation energir_ 3.

Bartlett® This latter measure uses the right and left eigen- w=0.3E} w=1.0E}
vectors corresponding to the excited state of interest to estjy_ 2D 3D 2D 3D
mate how many electrons are excited relative to the CC

ground state. This is accomplished by examining the abso3 0.0033 0.0011 0.0028 0.0005
lute difference between the diagonal parts of the ground-staté 0.0097 0.0026 0.0066 0.0014
and excited-state density matrices as represented in the natu- 0.0133 0.0046 0.0113 0.0024
ral orbitals that diagonalize the coupled-cluster ground-staté 0.0239 0.0063 0.0153 0.0036
density matrix. Singly excited states have an AEL number7 0.0237 0.0087 0.0171 0.0052
near 1, and as the AEL starts to rise above 1.1 or 1.2, double 0.0234 0.0114 0.0189 0.0070
excitation character becomes more important and the EOMto 0.0310 0.0107 0.0226 0.0068
CCSD description becomes less reliable. By the time thg» 0.0424 0.0093 0.0272 0.0064

AEL diagnostic nears 1.8 or 1.9, the state of interest would
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TABLE VI. Triples correction as percent of correlation energy, excitation character. Hence, some inclusion of triple excita-

Ar_3/AEccspra. tions is expected to be important for the description of ex-
cited states. To assess their role, we include triple excitations

w=0.35} w=1.06; via the EOM-CCSDT-3 formalisrf? We choose to examine

Nei 2D 3D 2D 3D 6- and 12-electron dots. However, it is first worthwhile to

3 2.24% 2.12% 1.41% 0.91% assess the effect of triples on the ground state, which can be

4 5.55% 3.81% 2.74% 1.66%  Seenin Tables V and VI.

5 5.37% 5.15% 3.14% 2.30% Inclusion of triples by the CCSDT-3 methtdowers the

6 6.63% 5.25% 3.29% 2.47% ground-state energy by about OEj2for 6-electron dots and

7 6.91% 5.74% 3.49% 2.76% by roughly twice that for 12-electron dots; by molecular

8 7.20% 6.35% 3.63% 3.10% standards, these corrections are quite large, as can be seen by

10 7.30% 5.51% 3.83% 2.71% noting that the triples corrections in the spherical dagten

12 7.49% 4.83% 3.72% 2.50% referred to as Hooke’s atgnare substantially smaller, typi-

cally by a factor of 3—4.

_ However, due to the exceptionally large correlation en-
For dots with an open-shell ground state, even the lowesérgy in quantum dots, the importance of triple excitations
excited state can have significant double-excitation charactefiay be somewhat exaggerated. At the highest frequency ex-
7-electron dot, in which the loned3electron is excited into  he total correlation energy in two dimensions and a some-
the 3s level (we ignore the spurious excitation from ond 3 \\nat smaller fraction in three dimensions; these numbers are
orbital to t_he other, as it arses due t_o_lack of cylindrical about what is to be expected based on molecular experience.
symmetry in the wave functignAt confining frequencyw For more weakly confined dots, the relative importance of

— * ; ot
_0'3E*' EOM-CCSD predicts an excitation energy of triples is about twice as large, and triples are evidently im-
0.04CEy , but the state has an AEL of 1.28 and the norm Of o ant even for the ground state when the confining fre-

the single-excitation part of the eigenvector is 0.909; clearlyquency is small, as is to be expected. For excited states, the

an excited-state method must be able to handle doubly &g\ cespT-3 triples correction to the excitation energies

cited states if it is to make accurate predictions of eXC|tat|onOf singly excited states is fairly small, as can be seen in Table

energies and excneq-state propertles* for such a dot. As ﬂ\?ll. In the 6-electron dot, the effect of triples on representa-
confining frequency increases o= 1E},, the EOM-CCSD . . . i L
tive excited states is only a femE}; ; the situation is similar

excitation energy rises to 0.0F}4. Here, however, the .
o X in the 12-electron dot.
double-excitation character is much smaller and may no . :
In conclusion, even though the effect of triples on the total

longer be significant; the AEL is 1.08, and the norm of the | tor both th d and ted h
single-excitation part of the eigenvector is 0.959. While theSNergy are large, for both the ground and excited states, the

EOM-CCSD method should be sufficient for this lowest stateEfféct of triples on energy differencesuch as excitation

in the 7-electron dot at this frequency, higher states hav&Nergies, addition energies, and the like surprisingly
larger AEL values and smaller single-excitation parts of the>'9Nt; for lower-lying singly excited states, the excitation
eigenvector, and we thus suspect that some inclusion dinergies change only at theEy, level. As the states begin to
triples is probably almost always necessary for dots of thignclude more double-excitation character, triples corrections

general typdi.e., dots which are one electron removed fromStart to grow and will be significant for doubly excited states.
a closed shell At least for the 6-electron dot, it seems likely that triples

corrections will be important fairly early in the excitation
spectrum, as double-excitation character in the excited-state
wave function begins to appear at relatively low excitation

We have seen that many of the excited states for quanturnergies, while in 12-electron dots the onset of double-
dots, especially for those dots with low confining frequency,excitation charactetand hence the need for triplesccurs
have large AEL numbers and correspondingly large doublehigher in the excitation spectrum.

B. Effect of triple excitations

TABLE VII. Triples correction to excitation energies for a 6-electron dot.

) €ccsp  €ccsprz  Dominant excitations €ccsp  €ccsprz  Dominant excitations
0.3 0.089 0.090 g—3d/2p—3s 0.154 0.151 P—3s
04 0.138 0.139 g—3d/2p—3s 0.223 0.218 p—3s
0.5 0.192 0.193 g—3d/2p—3s 0.295 0.291 P—3s
0.6 0.249 0.251 g—3d /2p—3s 0.370 0.367 P—3s
0.7 0.309 0.310 g—3d /2p—3s 0.446 0.441 P—3s
0.8 0.371 0.372 g—3d/2p—3s 0.524 0.519 Pp—3s
1.0 0.499 0.501 g—3d/2p—3s 0.682 0.678 Pp—3s
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TABLE VIII. Addition energies at two frequencies. TABLE IX. Excitation energies via the EA-EOM method for the
7-electron dot.
o=0.5E% o=1.0E}
Net AEgom AEccic AEcc  AEgom AEccic AEcc w=0.3E}; w=1.0E};
%SE € %SE
6 3.157 3.157 3.18% 5.234 5234 5.25%
7 3.785 3.776  3.782 6.382 6.375 6.383  0.012 88.5 0.070 94.4
10 5.425 5.425 5.436 8.886 8.887 8.894 0.145 71.0 0.597 64.1
12 5.935 5.928 5.959 9.845 9.840 9.886 0.209 77.2 0.789 55.6
0.353 68.5 1.334 51.3
®Reference 6.
V. IP- AND EA-EOM METHODS single excitations from the reference 6-electron dot, not the

round state of the 5- or 7-electron gainterestingly, even
he lowest excited state for the 5-electron dot has substantial

tation processes in which one electras mord is attached double-excitation character. For this, IP-EOM predicts an ex-
or removed from the system, or EA-EOM and IP-EOM, re- cltation energy of 0.118; (0.52(E}*) and 75.7% single-

spectively. These allow one to examine excitations in man;}i‘xc't"jlt'On charactef72.5% at w=0.36}, (1Ef).
open-shell systems by starting from a closed-shell wave

function, which has the convenient property that the excited-

state wave functions are hence pure spin eigenfunctions, VI. CONCLUSIONS

which is not the case in standard EOM Ihan open-shell sys- The EOM-CC formalism provides a convenient way to
tem. Further, a very important quantity in quantum dot de-,

study excited states of artificial atoms, where correlation can

sign is the add|t|c_)n spectrum as electron_s are add_ed to trk?e included without the need for an exact diagonalization of
dot. One can easily obtain this, the chemical potential, for 3

losed-shell ¢ th lculati ther th he Hamiltonian. Truncation of th& operator at single and
closed-s et syslerr|1 ¥Y' ofne f&cu?jﬁ?_’ 1ra Iert an requitysuple excitations gives reasonably accurate ground-state
LZ?n:eparae calculations for an electron sys- energies in an affordable manner, and for excited states

Considering first the | ¢ ionizati d elect tdominated by single excitations, the accompanying EOM-
onsidering nrst the fowest ionization and electron at"cogp ghows accuracy to within a few effective millihartree.

tachment energies, we calculate the chemical potentials fQf |\t the EOM-CCSDT-3 method provides a convenient
6|" Z 12-, art;d lS-zlelc;roErbsﬂo{fﬂsmg EA_EIO'EA for Oddb alternative for states with more double-excitation character,
electron nNumber an ) or €even electron NUMBEr,hy if need be, full inclusion of triples is possible in
#(N)=E(N)—E(N—1)]. These results are presented in o\ ccspT0 By using the IP-EOM and EA-EOM meth-
Table VIll, and comparisons with earlier indirect CCSD €N ods, one can study electron attachment or removal processes,

e:rg]]y difference ﬁaICUIat'%ﬁ%‘r? rr|1at(_1e Wher? p035|tblet;1 N sq that direct calculation of the addition energy and the lower
other cases, we have made caicuiations analagous 10 thoS€Qisii4tion energies in the electron attached or removed sys-
Ref. 6. Note, however, that here we have used the smallest? m is possible

our basis set$which includes a pair o functions and re- Thus, the CC-EOM framework allows, with an appropri-
moves some of the lower-angular-momentum funchions ate choice of basis set and appropriate definitions, &fand

E\'/Een SO, thedagree_menlt l_Jetween :lhe EC:jMAvaIEes an%t , andR, a highly accurate description of ground and excited
cc reported previously is generally good. As the NUMbelgiqag of any sort. There is of course no limitation to a two-

of electrons increases, the effect@functions on the addi- ;1 ansional treatment, and in fact the more realistic three-

tion energy becomes more pronounced. This is borne out béfimensional model is more natural for us. It merely requires

AEcc cal_culat|0ns in the same basis set as the EOM, alsg,q appropriate integrals and basis functions, which in the
reported in Table VIll a\Ecc. - , spherical case are those used in molecular work, although
_ Because the IP- and EA-EOM methods can give all the, e the dot is not spherical some modifications are neces-
ionization potentials or electron affinities, one can also us%ary. The inclusion of magnetic field effects in these systems

them to calculate excitation energies in the ionized and eleGzgy e handled in a similarly straightforward way. These
tron attached systems, respectively. The EA-EOM results arg, s a1 assist in the design of quantum dot devices.

presented for the 6-electron dot in Table IX fer=0.3E},

and IE}. Note again that as double excitations become

more important, the EOM-CCSD becomes less reliable, and ACKNOWLEDGMENT

hence only a few excitation energies are presented in each

case; once again, we see that double-excitation character be- This work was supported by the NSEGrant No.
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One of the more useful extensions of the standar
equation-of-motion formalism is the ability to describe exci-
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