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Spin-wave excitations in quantum dots
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The transverse response function for a quantum dot in a uniform magneticBfieddcalculated using
current-density-functional theory. The poles corresponding toAthg=+1 andAS,= *=1 spin waves are
investigated as a function &. [S0163-18208)52812-3

Transverse spin excitations in Fermi liquids have beerwhere |n) and w,, are eigenstates and eigenvalues of the
extensively studied in the last few years in liquide (Refs.  Hamiltonian of the system. The positive and negative poles
1 and 3, *He-*He solutions** paramagnetic metaf® and of a_ correspond to elementary excitations induced by
finely layered heterostructureSboth theoretically and ex- the operatorsD_ and D, , respectively. Starting from an
perimentally. The same excitations in finite Fermi systemsexternal fieldD, and in a completely analogous way we
have been, however, much less studied. In particular, thdefinea(w), the poles of which are placed symmetrically
transverse spin dipole modes excited by the operBtor from the w=0 axis with respect to those af_. In the
=Xo+, wWherex is the Cartesian component of the position following we provide an explicit evaluation of in the
vector ando . the spherical components of the vector of framework of the time-dependent current-density-functional
Pauli matrices, giving rise to spin-flip transitions, are practi-theory (TDCDFT), which includes the effect of correlations
cally unexplored. The reason for that is twofold: to studythrough a self-consistent treatment of the mean field and has
these modes one needs a spin polarized ground state andaleeady been used in Ref. 14 to study far-infrared absorption
complicated experiment to detect the excited states as, e.@f light in quantum dots.
inelastic scattering of polarized light. In atomic nuclei, for  In CDFT!® the single-particle wave functions;,, corre-
example, these measurements have become accessible ogponding to the two-dimensional motioff=(r,d), r
in recent years in small systems as polarized deuteron and W/x2+y2] of the electrons in the=0 plane in the presence
SHe ® of a constant magnetic fieB in the z direction are given by

A much easier detection of spin modes in finite Fermithe solutions of the Kohn-Sham equations
systems should be possible in quantum dot structures that
have been successfully built in the last few years using ad
vanced technologiéd 13 In fact, these structures are easily { — 3V2+ 3 0¢/ ,+ §02r2+V, (r)+Vy(r)
spin polarized with a perpendicular magnetic fiBlcnd the
transverse response can be detected via inelastic scattering of e Ar)
polarized light, which is commonly used in condensed matter + P
physics’

The purpose of this paper is to provide a theoretical study =¢;,¢;,, 3
of the propagation of spin waves in quantum dots as a func-
tion of the applied static magnetic field. Our investigation iswhere V., is the dot confining potentialVy=[[p(r")/
based on the study of the transverse spin response functiofi,—’|]df’ is the Hartree potential, whil&/, = dE,./dp
or dynamical polarizabilityx(w). This quantity is defined in —(e/C)A,jp/p and f,ym=0JE,./om are the exchange-

/A Vo )+ [ (1)P+39* 16B]- 6 @1y

r

terms of the polarization correlation potentials in the local approximation appropriate
for a two-dimensional system in a magnetic figld\,. is the
(D))= Lg* ugha_(w)e i, (1) exchange-correlation vector potential of CDF—STandjp(r)

= —1/r2n/g/uﬁ/(r is the orbital paramagnetic current den-
sity. As shown in Ref. 15, CDFT has proved to be very

induced by a transverse oscillating magnetic fielthteract-
accurate, even for such few-electron systems as two- and

ing with the system through the Hamiltoniam;, h I q
=1g* ughD_e ', whereg* is the effective gyromagnetic t r?e'g ect;on quimtg/m qts. h | f d
factor and ug the Bohr magneton. Standard perturbation . !N EG: (3), @c=eB/mc is the cyclotron frequency an

theory yields the following expression for the transverse po” the vector of Pauli matrices. As a consequence of circular

symmetry, thee;, are eigenstates of the component of

larizability: o i
Y orbital angular momenturd(,, i.e., ¢;,(r,8) =u;,(r)e”""?,
) ) i=(n/), with possible values/=0,+1,+2,... . The
a ()= Kn[D_[0)*  Kn|D|0)] (27  ground-state density is given by==,,,/Un .2 and the
- n w—wptin wtegptin’ ground-state magnetization, defined
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as M==,,,(¢r, ,6¢nss), has m=m,=0 and m,=m, -1 _and(Lo— 1, S+1), respecti_vely. In an analogous way,
=p;—p,. We have used effective atomic units defined bystarting from the operatdp., ., instead ofD, _, one can
fi=e?’le=m=1, wheree is the dielectric constant of the Study the excitation modes witfL,+1, Sy+1) and (Lo
semiconductor anch is the electron effective mass. In units —1, So—1).
of the bare masen, it is m=m*m,. In this unit system the It is also interesting to investigate the properties of the
length unit is the effective Bohr radit =age/m* and the ~résponse function in terms of sum rules. For this it is useful
energy unit is the effective Hartree energigt = Hm*/e2. 10 co;mder thew—c expansion ofa. From Eq.(2) one
For GaAs one hag=12.4, m*=0.067, andg* =—0.44, finds"
which imply a§ =97.9 A andH* =11.9 meV. 1 1
The CDFT ground state is an eigenstate. pf =/, ; and im o, (0)=—S+-—75S+ -, 9

S,=3;0,;/2, which eigenvalues are predicted by the calcu- 0o @ @
lation at each value d8. Besides spin, the dipole transverse i,
operator can be further separated in its orbital parts, i.e., in
itsL,=+1 andS,= =1 parts as

S S=8~S "= (nlD.. 1)~ [nlD_[0)F)

N
_ iiﬁi .
Di,-15,-01= 2 160 . @ =(0l[D-+ D+ 1|0,

Acting on the ground state with angular momehtpand Sy o
for orbital and spin components, respectively, . excites ~S1=S] +S; ’+:2 wno(|(n[D 4 -|0)*+[(n|D_ .[0)]%)
states withL,=Ly*=1 andS,=S;* 1.

In TDCDFT when the system interacts with the oscillat-  =(0|[D_ , ,[H,D, _]1]|0), (10

ing external fieldD. e '“' the potential X, (m o_ .
9 o b (Mo where we have used the completeness relation. Analogous

+m_o,), entering the scalar produttm- ¢ of Eq.(3) and ) .

statically equal to zero, changes due to the variation xpressmnstfor the sut:? ruleds ?I%rrespondmg td]?fﬁ a{‘d .

om.(F,w) dynamically induced in the magnetization. The  — Oéoer%ors are ?. a;ne .I e gccurtrence Od ne term In
transverse linear-response function associated, for instancyw In .q.( ) is peculiar to polarized systems and is associ-

to the particular case dd, _ is defined by ated with the fact that for such systems the transverse re-

sponse is not an even function of

R ' The sum rules in Eq10) can be evaluated in the frame-
a+,_(w)=<D+,_>=f dire™"’sm, (F,w), (5  work of CDFT and one can demonstrate rigorously that the
expectation value of the commutators in E40) on the
with CDFT ground state is equivalent to the sum on the left-hand
side evaluated with TDCDFT excitation energies and matrix
5m+(F,w)=f dF,X(F’I;»,,w)r;e+i9" 6) elements. We find the following results:
The correlation functiory is the solution of the Dyson-type Sg"—Sg’+=Sg"—S§'+=J drr2mg(r),
integral equation
- — Lo 22
X 0) =X 0)+ [ drdr (s, 0) {1 S =N g* g | drrm(r)
> 2 - >y w
XZch(g.S)5(rl o) x(Fa,r @), (7) _’_fdrr[jT(r)_jl(r)]_}_?cdeero(r),
where
O o) (hlo.|p)i(plo—[h): s;*+sl+'+:N—g*,,LBBf dr2m(r)
T hp o+in—eytey

_ (plos|n)ithlo_[p)i
wtinte,—ep

- [aretin-1,1- % [ arrmen),

(11)

8

is the free transverse correlation function built with the so- i -

lutions of Eq.(3) and in Eq.(8) the labelp(h) refers to  Wherejo(r)=—1r2y /Uy, _
unoccupiedoccupied single-particle states. Only spin vari- [N the following numerical application we consider a dot
ables are summed in the single-particle matrix elements off N=11 electrons confined in a parabolic potential given by
Eq. (8), while space variables are indicated as a subindex¥+ =3 w§r? with wy=3.51 meV. This potential reproduces
The kernel 2,(g.s.)5(F1—F>) can be interpreted as the re- near the origin a jellium disk with radiu@=rs/N~500 A,
sidual two-body interaction in the spin transverse channelwith rs=1.51a;5. We have solved self-consistently the
The study of the respong$&gs.(5)—(8)] allows us to inves- ground state and then the transverse response equéiiens
tigate the excitations induced by the operatdrs _ and  (8) for this dot in an external magnetic field of magnitudes
D_ ; with excited states of angular momentuiry+1, Sy B=0, 1.5, 3, and 5.4 T. Figure 1 displays the strength func-
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5000 F ' ' To understand these behaviors we first notice that the
; terms in the CDFT single-particle HamiltonidB) respon-
4000 sible for the difference between spin-up and -down single-
particle wave functions and energies are the Zeeman term
%000 1 1g* ugBo, and the exchange-correlation potentitd, o,
;ﬁ =f,.myo,. This last term is also responsible for the residual
5 T (++) =) T interaction in the Dyson-type equati¢f). Second, the sum
E rules of Eq.(11), which are moments of the strength reported
1000 in the figure, must be satisfied at each valuéofAt B=0
the Zeeman term vanishes, but not the exchange-correlation
0 y one since in the ground stafe=1/2 and henceny#0. This
Y gives rise to a small energy splitting between spin-up and
on L s : : : ] -down single-particlgsp) levels, which is the origin of the
@ 06 04 O ey ) 04 % small differences of peak energies Bt=0 between the
AS==*1 channels. Up td=1.5T the spin of the ground
000 ' ' ' leB;% — state does not change and the behavior tican be ex-
ol Pt S plained by the splitting between the/” sp levels originating
; by the B dependent orbital momentum term in E§). The
2000 - | situation is similar to the one occurring in the density chan-
= i nel when one studies far-infrared dipole modes excited by a
g 200 - b ) spin independertipole operatoD ,=ZXx;, with the differ-
2 ’ : ’ ence that now there are four channels instead of twoB At
a 1000 L ~ 3 T the situation changes, since the spin of the ground state
gets larger than 1/2. AB=5.4 T the system is completely
0 polarized in spin and angular momentum. The ground state is
the maximum density droplegfMDD) with filling factor v
1000 | =1, carrying spin S=11/2 and angular momenturh

oa " o 02 04 06 08 =N(N—1)/2=55. TheAS= +1 channels, due to the Pauli
(b) Energy (a.u) blocking of electronic spins, decrease their strength for in-
creasing spin polarization and &=5.4T, when all the
FIG. 1. Strength functio$(w) for the (—,+) and(+,~) chan-  gpins are up, no strength is left in these channels. Due to the
nels(lowen) and for the(+,+) and(—,—) ones(uppe for different  fact that the sum rules must be fulfilled the strength passes to
static magnetic fields and té=11 electron dot discussed in the {he AS— —1 channels. Thé—,+) channel disappears more
text. I_r! each case, for the channel on t_he left pe_1rt, which is thq'apidly than the(+,+) because of the polarization in angular
Herml_tlan conjugate of the one on the right, the flgure shows themomentum.
negative of the strength as a function of the negative of the energy, o ghactacular inversion of tendency of the dispersion
i.e., —S(—w). With the Lorentzian averaging, in this representa- . .
tion each channel and its Hermitian conjugate are given by a singl\é\”th B of the peak energies dft,—) and(—,—) channels
continuous curvésee Eq(2)]. and the S|multaneou§ growth of the strength up to reach at
B~3 T a very collective state at low energy can be under-
tion, related to the polarizability a$(w)=—1/w Im[a]  Stood as follows. WheB>1.5 T the spin of the ground state
=2n|<n|D|0)|25(w—wno)- In the actual calculation we have increases and the exchange-correlation potekitigr, be-
added a small imaginary pary=0.01 a.u). to the energyw  comes more and more important and splits the spin-up and
that transforms th& peaks in Lorentzians. We have checked-down levels more and more. At a certain point, some of the
that the sum rules in Eq11) are satisfied by our calculated spin-down levels, previously degenerate with the spin-up
Sw). ones and below the Fermi level, become unoccupied making
From the figure one observes the following behaviors. Inpossible new low-energy single-particle transitions. These
all the channels the response is dominated by a single peak @ansitions take a lot of strength, also because at the same
low energy and, in some cases, fragmented high-energyme in the AS=+1 channels the Pauli blocking becomes
states are also present. Bt=0 the energy of the peak is the more and more active. The Zeeman term plays a minor role
same for both(—,—), i.e., AL=—1 and AS=—1, and in determining the single-particle spectrum, since it is much
(+,—) channels, as well as f¢r-,+) and(+,+) ones. There |ower than the exchange-correlation one, but it eventually
is, however, a small energy difference between 6=  determines the energy of the TDCDFT peak due to the effect
*+1 cases. Increasirg the peak energies disperse positively of the residual interaction which changes considerably the
for AL=+1 transitions and negatively fakL=—1, up to  average energy of the spectrum with respect to that of the
B~3T. Then, there is a change of tendency for &= free response. This is demonstrated with the sum rules of Eq.
—1 channel, where aB~3 T it appears as a very strong (11). In fact, when the system is fully polarized in spin and
peak at low energy for botAL=*1. Furthermore, one angular momentum one can estimate the energy of the col-
notes a vanishing of the strength for th&s=+1 channel lective state through the ratio=S,;/S,, since then thS
for bothAL==*1, but it is faster in the\L=—1 case, with = +1 channels are Pauli blocked. One gets for the TDCDFT
a transfer of the strength to theS=—1 channel. energies
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. we 1N-1 1 atB=>5.4 T displayed in Fig. 1. There the peak energy in the
o -=—0"pugB+ 7_§<_rz>_+ <—rr> (—=,—) channel is at the energy predicted by the sum-rule
approach13), since in the spectrum there are no high-energy
o w, 1 N-1 1 states. Converselyy, _ takes care, through the presence of

w- -=—g"ugB- "+ WﬂLW (120 the term 2v./(N+1), of the fact that in thé+,—) channel

o, ., the peak is at higher energy and that there are also other
where we have used the definitiofs®)=1/NJdF r°p,  small peaks beyond 0.8 a.u. not seen in the plot.
Jdf rj=—L,, and the fact that in the polarized systém To summarize, the transverse spin-wave excitations in a

=N(N—1)/2. Equations(12) should be contrasted with guantum dot have been analyzed as a function of the static
those corresponding to the free response, from which thej,agnetic field B within the current-density-functional

differ for the absence of the terit,co,, which in TDCDFT 061y We have shown that at lol there are four dipole

is exactly cancelled by the residual interaction. A furtherchannels two with positive and two with negative dispersion
simplification O.f Eq.(%Z) can be done us!ng for the polarized of the enérgy. At higheB’s two of the channels are strongly
:'a/gtgm the ZSt':n?(eg_(erl)/‘f[’c' which is exact for the depressed because of the Pauli blocking and they eventually
ground state. ©ne then gets disappear. This is linked to a dramatic change in the disper-
. 2w, sion of the other two channels because of the associated
wy -=—0"pugB+ N+l transfer of oscillator strength and of the appearance of low-
energy states.

- — _N*
w-,-=~9" ugB, (13 This work has been supported by the Spanish DGES un-
from which one can understand the result of our calculatiorder Grant No. PB95-0492.
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