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We study spin longitudinal and transverse linear response of the 3-dimensional electron
gas, metal clusters and quantum dots. When the systems are spin unpolarized in the
ground state, a low energy collective state emerges in finite size systems due to the discrete
shell structure, whereas it is absent in the bulk due to the Landau damping. In the case
of spin polarization of the ground state a collective state is present also in the bulk and a
family of new collective states appears in finite size systems.

In this paper we study the excited states of electron systems which are induced
by the external fields F+=% = N, f(r:;)o}" ™, where o}'™"" are the spherical
components of the vector of Pauli matrices which represents the spin operator.
We use the following definitions: o* = 1/2(0, 2 i0y), 6| 1) =0, o*| |) = | 1),
o[ ) =11 e | l)=0,0*1) =|1), 0°| |) = —| |). These fields enter the

interaction Hamiltonian of the electron systems with an oscillating magnetic field

N
Hine = %#BgBZ&”- . (]Ac % é)ei(k-r;—wt)) (1)

i=1

where up = eh/(2mc) and g is the gyromagnetic factor. The response induced by
this interaction Hamiltonian has been recently observed in GaAs layers by means
of scattering of polarized light in the backscattering geometry [1].

When the system is spin unpolarized in the ground state, it is the same to excite
it with F*, F~ or F? since the three final states can be related by a rotation in
spin space. However, when the system has a spin different from zero in the ground
state, which can be reached by putting it into a static magnetic field along the
z-direction, significant differences emerge among the final states and one observes
the existence of splittings between the excited states with different AS,. In the
following we will study the linear response of the electron gas, metal clusters and
quantum dots in the time dependent local spin density approximation (TDLSDA)
in two cases: a) the longitudinal AS, = 0 channel in the case of zero magnetization
(3=, 07) = 0 in the ground state; b) the transverse AS, = %1 channel in the case

*) Presented by E. Lipparini at the International Conference on “Atomic Nuclei and Metallic
Clusters”, Prague, September 1-5, 1997.
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of a magnetization (3, 07) = (N; — N;) # 0 in the ground state, where Ny (N})
is the number of electrons with spin up (down).

In the AS, =0 channelkfor zero magnetization, the TDLSDA linear response to
the external field F* = 3", | f(r:i)o? is given [2] by ao(f,w) = [dr f*(r)émo(r,w),
where §mg(r,w) is the variation of the z-component of the magnetization density
m(r) = (3; Gi6(r — 7;)). It is induced by the external field on the system and is
given by

dmy(r,w) = /d'r' xoo(r, ', w)f(r'). 2)
Xoo{(r, 7', w) is the correlation function, solution of the Dyson type integral equation

XOO("'J le (.U) = Xgo("': ,'./, (-U)

W,
+/dr1dr2x80(r,r1,w) 61:10

(5("‘1 - TZ)XOO(T%TI:“)) ) (3)

m=0

and the independent-particle longitudinal response function x3, can be expressed in
terms of the occupied single particle states ¢, and energies €, and the unoccupied
ones ¢p, and €, as

s D [t
oo’ hp P
- IO P O]

w+in+4ep —é€p

(4)
The single particle states are obtained as solutions of the LSDA equations

37+ f ar BELZLL) 4y () + Weclp ) | i) = cioin (),
(%)

and in (3) 6W;c/6m|m=06(r1 — 7r2) is the residual interaction obtained by the
spin dependent part of the exchange correlation potential of (5). The potentials
in (5) are given by Vi = §E,.(p,m)/ép and Wy, = 6 E;.(p, m)/ém, where E,, is
the exchange correlation energy which has been taken from quantum Monte Carlo
calculations, and satisfies the relations: Vy.(po, mo = 0) # 0, Wy.(po,mo = 0) = 0,
SWee/6m|m=0 # 0, 8Vzc/6m|m=0 = 0. The residual interaction in the spin channel
is always negative (attractive).

In the bulk the integral equation (3) yields the following analytical expression
for the polarizability

at(')ree(q’w)

ao(q:w) = y
1-— 6W1‘¢ at(')ree(q’w)

(6)

odm Im=o0

where aff*¢(q,w) is the Lindhard free response function (notice that the free re-
sponse is the same in the spin longitudinal and density channels) and §W,./ém|m=0o

726 Czech. J. Phys. 48 (1998)



Collective spin states in the electron gas. ..

is the residual interaction in momentum space. The eigenstates of the system are the
poles of ag, given by the solutions of the equation aff*¢(¢,w) = 1/(§Wzc/6m|m=0)-

Since the residual interaction is negative, one realizes immediately that collective
solutions do not emerge from this equation, but only a continuum of single particle
type solutions extending from zero to the energy qur, where v is the Fermi velocity.
These solutions correspond to the poles of the free response function. This should
be contrasted with the case of the density channel where a collective state emerges
as a solution of the TDLDA equation for the polarizability since in this channel the
residual interaction is repulsive and equal to 47/¢? in the small ¢ limit.

The situation is, however, different in finite size systems like metal clusters and
quantum dots due to the existence in these systems of a shell structure that gives
rise to a gap in the single particle spectrum at low energy. An undamped low energy
collective state can then survive in this case. It has been studied in metal clusters
within the TDLSDA in Ref. 3, within the sum rule approach in Refs. 4, 5, and in
quantum dots in Ref. 6. In Figs. 1 and 2 we compare the spin response of the metal
cluster Nasg and the quantum dot of GaAs containing 12 electrons with the density
and the free ones. From the figures one notices that in both channels the response
is dominated by a single peak which exhausts a large fraction of the f-sum rule and
that in the spin channel the energy of the peak is much lower than in the density
channel. This is due to the effect of the residual interaction which is of opposite sign
in the two channels and shifts the peak energy, with respect to the single particle
response, in opposite directions. We also notice that this shift is much larger in the
density channel than in the spin one.
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Fig. 1. Imaginary part of the polarizability in the spin (dashed) and density (solid)
response of the Nass cluster in atomic units. For comparison, the free response (long-
dashed) is also shown.
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Fig. 2. Imaginary part of the polarizability in the spin (solid) and density (dashed)
response of a spin unpolarized quantum dot of GaAs with 12 electrons in effective atomic
units. For comparison, the free response (long-dashed) is also shown.

In the AS, = %1 channel, for a magnetization different from zero in the ground
state obtained by putting the system in a static magnetic field B, the LSDA equa-
tions become:

[l (p+ EA)Z + /dr'M + Vze(p, m)

2 c [r — 7|
| -
+ (fzcm + §gl-‘BB) : ‘7] ‘Pia("') = fio‘Pia("'); (7)
where fz. = Wze/m, m = || and in the ground state my; = 0,my; = 0,m, = my

and the vector potential A = 1/2(~y, z,0)B describing the magnetic field B in the
z direction gives rise to diamagnetic effects, which in the following will be taken
into account in the quantum dots and not in the electron gas. The spin dependent
terms of (7) give rise to different and coupled equations for spin up and down single
particle wave functions which are solved using iteration techniques. In the case of
the bulk the magnetization induced in the electron system by the static magnetic
field can be calculated analytically and is given by

3
2
/d"(m —p)=Ny—N,=usB 3 ;vam , (8)

2¢p dm Im=o0

where ¢f is the Fermi energy. When the system interacts with the external field
F- =N f(r)o;e vt = o7 e”'“, the potential 2fz.(m* o~ + m~o%), entering
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the scalar product f;.m - & of (7) and statically equal to zero, changes due to the
changes §m* dynamically induced in the magnetization m*. The transverse linear
response function is defined by ax(f,w) = ((o7)!) = [ drf*(r)6m* (r,w), with

st (r,w) = / dr' xa(r, W) f(r'), (9)

and x4 (r,r',w) is the correlation function, solution of the Dyson type integral
equation

Xi(‘l‘,'l",w) = Xoj:(r)rl:w)+/ d"'ld"'2 Xo:k(rarl)w)fIC(mO)(s(rl - TZ)X:k(TZ)r,,w))

(10)

where

> [so?.a'(T)f"(T)U“sppa(")so;a(r')f(r’)d' ¢hot (1)

0 /
T ,w) = T
X ) w+1n — €y + €

oo’ hp

- w;a(f)f‘(r)v‘“spha'(r)SOZa:(r’)f(r’)U”sopo(r’)]
wHin+ep —é€p

(11)

is the free transverse correlation function, built with the solutions of the LSDA

equations (7). Notice that when the system is polarized xi # X50-
In the 3d electron gas, where F* = ¢f = EN ofeFiari one gets for the

q 1=1"¢
transverse response

|(n|o7]0)[? |(n]o]0))?
ai<q,w)—2w v wano_m (12)

the TDLSDA expression

free(q’w)
1- 2fzc(P0, mo)aﬁee(q,w) ’

(13)

a:‘:(q)w)

where aff*®(¢,w) is the free transverse response. In the gup < e limit it is given

by
3 ——. —
free(q) w) -Zf—; (1 + w In W= Wwq Q’UF) , (14)

2qur W —wg +qUF

where wg, = wi/(1 + 3pofre(po, mo)/(2¢r)) and wy, = eB/(mc) is the Larmour
frequency, and is different from the Lindhard free response

3pa w W= gqup
free —__
age (g, w) = 2er (1 + Squr In o qu) . (15)

When the static spin polarizing field B is zero, then wy, = wq = 0, fze(po,mo) =
6Waze/6m|m=0 and (13) coincides with (6) and the electron gas does not display
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Fig. 3. Imaginary part of the transverse polarizability of a spin polarized quantum dot

of GaAs with 6 spin up and 5 spin down electrons in effective atomic units. The full

line is the AL, = 1,AS; = 1 response, the dotted line is the AL, = 1,AS; = —1

response, the dashed line is the AL, = —1,AS. = 1 response, the dotted-dashed line is
the AL, = —1,AS,; = —1 response.

a collective state in the spin channel. However, when B is different from zero and
sufficiently high, new solutions emerge.

From (12) one sees that the poles of a4(g,w) with positive frequency are ex-
citations induced by ¢ and the poles of a4(g,w) with negative frequency are
excitations induced by o}. Furthermore, taking the w — oo limit of (12), one gets
(g, 0)lmeem = 0/ With 35 = T, [(nlo; O)? — T, (nloF O) = Ny — N}, a
model independent sum rule. The poles of (12) are solutions of the equation

1 - 2fzc(po, mo)a™(q,w) =0, (16)

that in the ¢ — 0 limit and for qur/w, < 1 (high magnetic field) has a collective
undamped solution at the energy

1¢2v¢ F
o(q) =wr+ 7 F

3w 1+F (")

with F = 3po fzc(po, mo)/(2¢F).
This solution is an elementary excitation induced by the operator o, since it

exhausts completely the sum rule so giving [{coll. Iaq‘|0)|2 = Nt — Ny, the strength
> [{nlo}10)]? being zero as a consequence of the Pauli blocking in the g — 0 limit.
This collective solution is the transverse spin wave of the electron gas predicted by
the Landau theory [7] and experimentally observed in alkali metals [8].

In the quantum dots the electrons are confined in the (z,y) plane and we have
solved the Kohn-Sham equations (7) including the terms arising from the vector
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potential in the so called current density functional theory (CDFT) [9,10]. The
CDFT ground state is an eigenstate of S, and L., whose eigenvalues are predicted
by the theory, and the external operators F* = 3", zio¥ excite states with AS, =
+1 and AL, = +1. The result of our preliminary calculation [11] for the transverse
polarizability, obtained from the solution of Eq. (10), in the case of a dot with 11
electrons in a static field of 0.7 T, is given in Fig. 3. From the figure, one sees that
in dots a family of collective states emerge in the transverse response of the system.
These states can be studied experimentally with inelastic scattering of polarized
light in a backscattering geometry.
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