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Charge and spin collective excitations in a coupled spin-polarized bilayer system
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We investigate the occurrence of charge and spin density collective excitations in a bilayer quasi-two-
dimensional spin polarized system in the presence of interlayer tunneling. The inclusion of the self-consistent
magnetization interaction among the electron spins, in addition to the Coulomb interaction, permits the reso-
lution of coupled in-phase and out-of-phase electric and magnetic modes associated with the charge and spin
densities in the two layers. While the in-phase modes are not affected by tunneling, the out-of-phase modes,
both electric and magnetic, are gaped, the width of the gap being proportional to the tunneling amplitude. We
analyze the existence of these modes outside the electron-hole continuum within the random phase approxi-
mation and suggest that they can be relevant for materials with large gyromagnetic factors, for example, dilute
magnetic semiconductors.
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[. INTRODUCTION between the energies involved, interlayer tunneling, intra-

layer kinetic energy, Zeeman splitting, and Coulomb interac-

In an interacting electron system, charge and spin densit{on, determines the characteristics of a greatly enlarged
excitations(CDE and SDE, respectivelyare triggered by SPectrum of oscillations that includes magnetic and spin ef-

those components of a weak electromagnetic perturbationi_eCtS' Secondly, the spin polarization factor in each lager

. . - L =(n,—ny)/(n,+n,), n, andn, being the density of spin
electric potential and component of a magnetic field—that 55jlel and antiparallel to the static magnetic field, respec-

locally distort the single particle distribution function, with- tively, is a free parameter of the problem, whose magnitude
out changing the spin direction. Since the departure of theigan be varied continuously as a function of the magnetic
resonant frequencies from the single particle threshold is @eld between—1 and 1.
measure of the strength of the many-body interaction, the In a spin imbalanced single layer, is found that CDE and
theoretical modeling of the collective excitations has alwaysSDE are coupled when a spin dependent component of the
received a great deal of attention. interaction is considerét.This can be either the self-
The leading terms of the dispersion laws describingconsistent magnetization or the exchange and correlation ef-
charge density collective modes in two-dimensiof@D)  fects, associated with the short range Coulomb interaction,
single and uncoupled multilayer systems have been obtainddtroduced via spin dependent local field correctidrisin a
within the time-dependent Hartree-Fo¢kF) or random double layer configuration preliminary results obtained in the
phase approximationéQPA) quite some time agb__4 The RPA, when Only Self-anSiStent magnetizatipn is assumed,
validity of these results was confirmed, mostly in the case opuggest that the coupling is preserved, while at the same
Ga-As single layer structures, by infrared spectroscopyiMe, on account of the interlayer Coulomb interaction, each
experiments. mode acquires in-phase and ou_t—of—phase components. The
In the absence of tunneling and magnetic effects, a orput-of-phase modes are acoustic for both charge and spin

bilayer structure exhibits in-phase and out-of-phase CDE(_)sciIIations, following a linear dispersion law in the long

The in-phase mode retains the usual 2D plasma dispersidﬁa"elength !imit. It is important to point out, tha_t within the
law, @ , ~ /g, while the out-of-phase CDE is characterized RPA, the existence of the out-of-phase magnetic modes out-

by a linear dispersion law in the long wavelength lir side the electron-hole continuum is realized only for materi-

~(q, such as an acoustic oscillation. The latter was detectegIS with large gyromagnetic factors, such as dilute magnetic

—° e : Semiconductor$?
in inelastic light scattering spectroscopy periormed on GaAs The incorporation of tunneling in this context is expected

AlGaAs heterostructures and has remained the only obser 5 generate qualitatively new physics. in the same wav it did
able occurrence of an acoustic plasmon in a solid stat 9 9 y physics, y

systen? At the close interlayer separation involved in this In the case of the unpolarized problem. Our results, which

problem, the inclusion of tunneling supports a more interestVill be presented in detail below, show that in this situation,

ing experimental situation. It was found, that in this situation92PNg occurs for both spin and charge acoustic modes with

the in-phase CDE dispersion is preserved, while the out-of9aPs propqrtional fo the interlayer _tunneling amplitu_de. This
! outcome gives hope for the experimental observation of an

phase mode is significantly changed, by acquiring a gap pro . . ! .
portional to the tunneling probabilify, w_~(A§+Aq acoustic spin modémagnetoplasmagrby conveniently engi

B2 neering the gap, such that the mode falls outside the electron-

The application of an external magnetic field puts thehOIe continuum.
whole problem of the collective excitations in a bilayer sys- Il. THE MODEL
tem in a new perspective. First, a new energy scale deter-
mined by the Zeeman interaction between the electron spin We consider two identical quantum wells of widthsitu-
and the external magnetic field is introduced. The interplayated in thexy plane, separated by a distandein the z
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d =updd)=v1(q)—v2(q), with v,(q)=2me?(xq) andv,(q)
|<—>| =v4(q)exp(—qd), respectively, being the intralayer and in-
terlayer Coulomb interaction matrix elements. Excitations
are generated when, under the effect of the external pertur-
bation, electrons undergo collective transitions between these
energy levels. The intralevel transitions lead to in-phase di-
electric and magnetic oscillations in the two layers, while
o Ll Pp| L e interlevel transitions are responsible for the out-of-phase
ones. In the first order of perturbation theory, the induced
density fluctuations associated with a collective transition
from statea into stateB («, B=A,S) are proportional to an
effective single particle interaction potential, given by

Ap2P(q,0)=T12%(q,0)VE(q,0), (1)

FIG. 1. Schematic representation of the bilayer structure. . . - . L
where the proportionality coefficient is the polarization func-

; afr sy
direction(see Fig. 1 A constant magnetic field is applied tion I, (g, ):
along thez axis, such that in equilibrium there is a nonzero o P
polarization factoré. This model, in which the spin imbal- Me8(G.w)=S N gre Mrgre
ance is realized by an external dc magnetic field, can serve as "¢ (Q0)= fiwo—[&go(K+0/2) — 8 4 (k—/2)]

a basis for the more general case when the finite equilibrium “ (2)

polarization is created by a self-consistent magnetization.

Since the exchange and correlations corrections associatedﬁg is the usual Eermi distribution function.

the electron spins depend only on the particle density and are””

independent of the cause of the spin polarization, we expect

that the many body effects are the same in the two !l CHARGE AND SPIN DENSITY EXCITATIONS

problems.*¢ L The effective potential experienced by an electron of spin
Considering a finite thickness for the component layers o+ undergoes an intralevel transition is

allows us to include in our calculation the self-consistent

magnetization. In general, for a finite thicknésseach layer off, =

develops a subband structure of the energy spectrdfn, Vi (d,0)=—ep+yb,sgno)

making the problem of collective modes more complicated. ss ss AA

In the following, we assume that<d, such that inside each T (AP~ Ap " Apy ™+ Ap

layer only the first subband level is occupied, the layers be- Y2

ing considered with a good approximation a 2D spin polar- + T[ApES—Ap§S+ Ap/;A—Ap(AjA]. (3

ized electron gas with electrons per unit area, such that the

total electron density in the system M=2n. The single A

particle states, in the absence of tunneling, are described b

momentumk, spin o, and energy,

AA]

(o

% is the density fluctuation in the number of electrons of
pin o that transition inside level (i stands forA and S).

o ~ By . in the parabolic ba”‘?' AP The dependence og and w of all variables in Eq.(3) is
proximation e,(k) =#k"/(2m*)+ yBsgn(o). Here y is  355umed. In addition to the Coulomb interaction, the self-
the gyromagnetic factor that describes the interaction of the,nsistent magnetization can be significant in the case of
electron spin with the magnetic field, while the function materials with large gyromagnetic factors, such as dilute
signum, sgng), is 1 for spin parallel to the field, and 1 for magnetic semiconductors wherg can be as high as a
spin antiparallel to the field. The electron effective mass, 100ug. The density fluctuationd\ p! are connected self-

is considered independent of spin, equal to the band Va'“econsistently to the effective potentigls as in EB. The col-

The interlayer tunneling is introduced, for simplicity, |octive modes of the system occur for those values of the
fthrough a constant matrix eIemE_:ﬂI,,.;r:t@ZlZ' - In the Iead-_ frequency for which the system of equations generated by
ing order in perturbation theory, in the presence of tunnelngqS.(l) and(3) admits a nontrivial solution in the absence of

t_he smgle. partlgle elgenfurjcthns are symme(fiand an-  the external perturbation. The secular equation obtained in
tisymmetric(A) linear combinations of states, those occ:upledthis circumstance is

by an electron before and after tunnelihghe correspond-

ing energy eigenstates are, respectivelygi(A)(IZ) 2 2

R 4y 4oy
—#2K2/(2m* )+ yB sgn(o) = t. (+ is for Sand — for A.) 1—<v+(q)+ )(P§S+ P+ v (@(PS®
For a given spiro, the two levels are separated by an energy
gap Aspas=Es— Ep=2t. The nonzero Coulomb interaction + P2 (PSS PAY2 =0, 4

terms in the presence of interlayer tunneling are(q)
=v3dq)=vaa(@)=v1(q)+vo(q) and v_(gq)=vixq) where we introduced
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PA(q,0) =T1{f(q,0) +117f(q,0),

(5) I ke/Qr=0.01
- - I bt k./q,,=0.03
P*(0,0)=11£(q,0) - 11{f(q,0). 8] ——ko,=0.12

General solutions of Eq4) are difficult to obtain even in Lo
RPA, but in the long-wavelength limit, whea>qug (ve

being the Fermi velocity associated with the unpolarized 2D 21
electron gasthe dispersionw(q) can be extracted. In this

limit it is easy to show that P$Yq,w)+PAA(q,®)
~Ng%(m* w?) andP3Yq, ») + PAA(q,w) =Ng2&/(m* w?), by
results which do not depend on the level occupancy. Note
that these approximations consider the effective mass o
electrons with different spin orientation to be the same, an 0
assumption valid only for small values of the polarization
factor £. With these considerations, the asymptotic solutions 3
of EqQ. (4) are

FIG. 2. The critical valud’ as function of the spin polarization

factor ¢ for different values okg /g .
2

47e’N KY
2 2
= 1+
£ Le? "

01(q)=

q (6)

m* only for large values of the gyromagnetic factgr For ¢
approaching 1, the mode is soft, and the system undergoes a
and phase transition to a ferromagnetic state. In FigI'g,is
represented as function of the spin polarization factor for
Amy? N(1— £2) different values of the total electron density in the system,
)= 4 — @ N=10° cm ? (kg/g=0.01), N=10 cm 2 (ke/gr
L m* =0.03), andN=10"" cm ? (kg/gp=0.12).
The interlevel excitationsA—S or S—A, occur under
where only terms up to the second order in the exchangethe effect of
momentumq are considered. The high frequency solution
w,(q) corresponds to the usual 2D plasm@DE), includ-
ing correction terms generated by the self-consistent magne-
tization and the initial polarization. The second valweg(q)

2
w3(q

Vef(q,0)=—e¢+ yb,sgr( o)

describes the _in-phase sp(!rmagnetic_) oscilla_lt_ion in the two +u_(q)[ApSA+ Ap§A+ AphS+ Apés]
layers. The existence of this mode is conditioned by the pres- 7 7

ence of a magnetic interaction, be that the self-consistent a4my®  oa SA AS A
magnetization, as in the present case, or the short range Cou- —— [Aps"—Ap, +Ap, —AP;S], 9

lomb interaction. The results of Eq®) and(7) reaffirm the

independence of tunneling of the in-phase charge and spin

excitations, their resonant ff_eq_‘%enc'?s depe_ndlr_lg only on thvevhere we introducedp” for the density fluctuations gener-

level of occupancy and the initial spin polarization factor. ted by the transition o?an electron of spirbetween levels
The direct experimental observation of the spin densit)i."1 y for

mode is conditioned by its presence outside of the electror- an(jj, with i #]. FOIIOV\."”Q the algonth.m outlined in the.
revious case, the excitation frequencies of the collective

hole continuum, the region where single particle excitation o .
(SPB occur. To this purpose, the slope of the dispersionexc'tat'ons that can be supported by the system are obtained

curve, Eq.(7), at the origin needs to be higher than the 85 solutions of the following equation:
higher of the two Fermi velocities associated to the up and

down spinspg=vg[1+&sgn(o)] (v is the Fermi velocity

for a free unpolarized electron gagherefore, in terms of 14 )+ Ay
the dimensionless parametér=ky?kg/(Le?), for £>0 v-(q L
(vL>vi), we can write

2

) (PP

2

D (Q[(PSA+PAS2— (PSAL PAS2] =0, (10)

+
L

kg 1+¢
Ore 1-¢°

where kr represents the Fermi momentum argge  whereP$”andP%® were introduced according to EG). As

=2m* e?/ k the usual Thomas-Fermi wave number. This cri-before, we inspect the long wavelength limit form of the

terion limits the number of real situations in which the spindispersion relation. In this approximation, the polarization
density mode can be observed, the condition being satisfieftinction acquire the forms given below

I'>T, 8
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P, 0) + P4%(q, )

2Asad Ns—Ny) +2ng?/ m* Jr4nq2 AZ,q
N wz_A%As m* [wZ_A§A§2
and (12)
PSAQ,0)+ PA%(q, )
2ng? 1 2A2
_ q°é . sgs L2
m* wZ_ASAS [‘UZ_ASA§2

In Eq. (11), ng,ay=n=n. denotes the electron densities for
the symmetric and antisymmetric level, whera,
=(m/2m)AgpsWhen both levels are occupietEf>Agp9d
andn.=n when only the symmetric level is occupiel(
<Aga9. With these results, the solutions of E40) can be
easily obtained. The frequency of the CDE mode is

w3(q—0)=A%+C,q+C,q?, (13)

PHYSICAL REVIEW B65 125316
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FIG. 3. Collective modes characteristic frequencies for single
level occupancy Asa/Eg~20) for a bilayer system withn
=10 cm 2, T'~1, d=200 A, and¢=0.25.

mode survive and it is easy to prove tHai—A and C,
—B. Both first order correction coefficient€{ andC;) are
negative. In the absence of interlayer tunnelidg;{<=0) a

an expression that supports the result of Ref. 7. Coupled tmore careful analysis of E¢4) shows that both charge and
the CDE is a spin mode whose dispersion law is described bypin density modes are acoustic in the long wavelength limit

05(g—0)=A%+Csq+C,0°. (14)

(w3,4NQ)-12

The occurrence of gaps makes possible the observation of
the acoustic modes outside the electron-hole continuum for

[C; (i=1,2,3,4) are constants whose values are not showglifferent nonzero values of the tunneling probability. This

here for brevity] The two energy gapd, andA, are given
below:

1’*2
=
1 o
+l<F_d

2
AT=AZast $ASA§nS_ Na)gred| 1+

r
2 2 277' de
A3=A5ast FASAS( Ns— nA)qTFd—r (15

1+|(F_d

situation does not happen in the absence of tunneling when
certain conditions have to be satisfied by the magnetic
interaction'?

In Fig. 3 we plot the dispersion relations for both intra-
and inter-level excitations in the case of a single level occu-
pancy. For the considered parametersgf{s/Er~20, n
=10° cm 2, I'~1,d=200 A, andé=0.25) the magneto-
plasmon mode ¢,) remains outside the electron-hole con-
tinuum and is expected to be observable in direct experi-
ments. This mode is of particular interest in understanding
the many body mechanism that supports the self-consistent
magnetization giving rise to it. The inter-level charge density
mode (w3) is expected to be more stable than the similar
magnetic mode ¢,), as the out-of-phase magnetic oscilla-
tions fall rapidly into the electron-hole continuum as the ex-

Our results show that in the presence of tunneling, gaps opethange momenturg increases.
up in the spectra of both charge and spin density out-of-

phase modes, with;>A, as shown in Eq(15). In the
strong tunneling case, gt=0, both gaps\; andA,, depend

IV. CONCLUSIONS

linearly on the single particle symmetric-antisymmetric gap

Asas In the opposite situation, at weak tunneling, a two-  The results derived in this paper extend the conclusion of
subband description is more appropriateAag s—0. In this  Ref. 7 on the occurrence of gaping in the dispersion law of

case, in the absence of the self-consistent magnetizatiasut-of-phase charge density modes, to spin density excita-
term, it was found that\;— A, maintains its linear depen- tions. Here, we show that a bilayer system with broken spin

dence onAg,s, but a logarithmic correction to the linear symmetry exhibits coupled both charge and magnetic oscil-
term appears as the two-subband situation deveéiofie lations, the strength of the coupling being determined by the
value of the four constants; (i =1,2,3,4) entering Eq$13) self-consistent magnetization. The SDE follow the same pat-
and(14) is also dependent on the self-consistent magnetizaern as the CDE. Those associated with the in-phase oscilla-
tion term. However, in its absence only the charge densityion of the magnetization in the two layers retain their dis-
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persion law independent of coupling, while the out-of-phasédive gyromagnetic factor, such as DMS. The incorporation of
fluctuations acquire a gap proportional to the tunneling probthe self-consistent magnetization can provide an important
ability. guideline in solving the more complicated problem in which

The existence of the SDE is conditioned by the presencthe itinerant magnetization appears as a consequence of the
of a self-consistent magnetization among the electrons of thepin dependent component of the short range Coulomb inter-
system. This occurs in materials with a large electron effecaction.
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