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Collective excitations in an asymmetrically spin-polarized quantum well

D. C. Marinescu
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

J. J. Quinn
Department of Physics, University of Tennessee, Knoxville, Tennessee 37996
(Received 9 July 1998

We present a phenomenological picture for the many-body excitations of a two-dimensional electron gas in
a quantum well spin polarized by a dc magnetic field at an afdgléih the axis of the well. In the framework
of the Landau theory of charged Fermi liquids, we determine the frequencies of collective modes by solving a
transport equation for quasiparticles in the local electromagnetic field associated with the charge- and spin-
density fluctuations. In the long-wavelength limit, analytic solutionsd(]ﬁ) are obtained as functions of the
degree of spin polarization and of the angle[S0163-18208)06144-X]

. INTRODUCTION magnetization perpendicular anand corresponding linear
independent spin waves in which the spin direction is in the

Under the application of a dc magnetic figklthe spin  x-y plane. This phenomenological descripfias supported
degeneracy of the electronic levels of an electron gas in &y numerous microscopic models, which employ a large

quantum well—n electrons per unit area in thez plane—is ~ '@N9€e of approximations for the many-body interaction, from

lifted and an equilibrium state characterized by a spin popuHartree—Focﬁ(to local spin-density functional theofy.

lation imbalance results. The difference between the number When a dc magnetic field is applied at an anglee thez
of spins parallel or antiparallel to the direction Bfis de- XIS, _the electron gas Is spin polarlzgd a_long
scribed by the spin polarizatiog=(n,—n )/(n;+n)) a =(0, sinf, cosh) and acquires a cyclotron motion driven by
continuous function 0B, that can take on any value between the transverse _co_m_pon@g_; B sin 6. (We assume the guan-
"1 and 1 tum well to be infinitely thin, such that the cyclotron motion

A weak electromagnetic perturbation—an electric field!S constrained to the-z plane) The many-body excitations
E(q.0) and a magnetic inductiorb(q,w) of arbitrary induced in the well are now generated by fluctuations in the

orientation—can excite collective spin- and charge-density!€nsity of spins parallel ta and spin-flip processes abayt
fluctuations at those values of the frequeneythat are the ~Projécted on the usual system of axes. This is equivalent to a
poles of the response functions. At resonance, the excitatiof§tation of angled in the spin space through a nondiagonal
propagate undamped in the system, sustained solely by tygatrix. The res_ult is expected to be a I_mear combination of
Coulomb interaction among electrons. The departure of théharge and spin waves, whose coefficients are bound to be
excitation frequencies from the single-particle transition is /€y Sensitive to the spin dependent part of the electron-
measure of the many-body interaction. The inelastic lightlectron interaction. Furthermore, cyclotron excitations,

scattering spectra of quantum wells reveal such effects wit§rven byBy=Bsind, will be mixed in.
remarkable accuracy. Following the traditional analogy between the two-

The character of the collective modes excited in a quandimensional2D) electron gas and a Fermi liqufdye adopt
tum well spin polarized along the direction of its Symmetry}.he'phenomenologklcal Landau—r?lllnf theory Okf the e'?CtrO”
axis (consideredz for simplicity), as reflected in spectro- iquid as our pac ground. .In t. IS Tramework we Solve a
scopic measuremenfsjs the consequence of two main transport equation for quasiparticles, entities of charge

X . ; A B
causes. The initial imbalance in the number of spins break ffective massn-, and gyromagnetic f‘?‘CtW » moving in-
the symmetry of the density-dependent Coulomb interactio e self-consistent local electromagnetic field associated with

: : .
and determines the collapse of the poles of the dielectri(t,he charge fluctuat|ons.r'r(* and y* are the renormahzed

. . o - values of the band effective mass and gyromagnetic factor by
function and of the induced magnetization alang’he reso- considering the quasiparticle interactionSuch a semiclas-

nant density oscillations of electrons with spin paralleto sjcal approach, which neglects the Landau quantization of
have a spin-symmetric and a spin-antisymmetric componenthe electron orbits, is valid when the cyclotron frequency
The coupling between the former, a charge-density wavey * =#eBsin g/m*c is much smaller than the Zeeman split-
and the latter, a spin:density wagea which the direction of ting of the electron levels in the magnetic field*2B. We

the spin is parallel ta) is a function of{. The spin direc- solve the transport equation and obtain analytic solutions for
tion, however, fluctuates, under the applicatioptindb, , the excitation frequencies in the limit of two simplifying
and spin-flip processes can occur. They generate an inducednditions-long wavelength and small angle—in terms of the

0163-1829/98/5@0)/137625)/$15.00 PRB 58 13762 ©1998 The American Physical Society



PRB 58 COLLECTIVE EXCITATIONS IN AN ASYMMETRICALLY ... 13763

phenomenological parameters of the Landau theory, considgith 2= 72k?/2m— y* o(B+Db), the bare quasiparticle en-

ered functions of. ergy in the local magnetic fieltthe effective band masais
involved). The interactionsé,,, is obtained whersn,, , Eq.
[l. QUASIPARTICLE DYNAMICS (2), and®y,.,, EQ.(3), are substituted into Eq4).

In the Landau-Silin theory of Fermi liquids, the elemen-
tary excitations of a 2D electron gas are quasiparticles of
momentumk and spino, described by the deviatiofin?,,
from thermal equilibrium. The thermal equilibrium distribu-

88e=2 [(brae + Uz‘//kk’)‘sﬁk’T_" (duw — o2hkir) 5ﬁk'¢
k/

tion function arises from the noninteracting ground state +0 Yo O, 12+ 0 e N, 12]. )
(which consists of two Fermi discs of radti¢,= y47n,) by . . . ) i
adiabatically turning on the electron-electron interaction. In a semiclassical approximation, the dynamics of spin

In a spin-polarized quantum well, the spin-operator eigen@nd charge fluctuations is governed by the solution of a
vectors correspond to spin projection 1/2-6f/2 along the  transport equation. Quasiparticles with velocity=V e,
direction B=B(0, sing, cosé), with associated quasiparticle MOve in a local potential that con_5|sts_of the exte_rnal pertur-
distributions ny; and onf| , respectively. When summed bation and the electromagnetic field associated self-

- . 0 0 - consistently with the density fluctuations. In a collisionless
over k, the differencedn,,— ény, is equal ton{. In the . ~ g
) kTP kL . gime, &n, satisfie8
usual spin-space basis, formed by the eigenvectors dF 1k
{$,S,}, a quasiparticle of spil- has an equilibrium distri-

bution sn,, given by 96Ny, L9 - - dn,
+ — Uy |-
it ot th(r&QD Uko Vr 5nk(r dEko— 56"(0
ond.+ond  _ . ond —ond . .(dng| -
5nkaz%+(g.u)¥_ (1) +evy, E dee. +2iy*[6ny,,B]=0. (6)

. _ _ o .., ...] is the quantum-mechanical commutajor.

TQe interaction with an electromagnetic field of wave vec- In a linear response approximation, a solutin,, to Eq.
tor g and frequencyw creates new quasiparticles and (g) depends on the equilibrium distribution functién,, or
changessn,, to én,(q,w). (Henceforth, the dependence on in a more general way, through E®), on a superposition of
g andw is implicitly understood. Employing the usual Pauli ony; and éng, . Since quasiparticles of spim are well de-
spin matrices, the new distribution function can be writtenfined only in the vicinity of a spinr-Fermi surface, where
ad (—dﬁnﬁglek,,) behaves like a delta functiongn,,, can be

expressed in terms of two new momentum dependent func-
L L fe e tions v,;(k) and v, (k) as a linear superposition of delta
~ :5nkT+ ony, ro Ny — Ny, o oNy L ony functions:
ko 2 2 4 4

- _ [ dony, -

5nka': VUT(k)(_VkT +Va'i(k)( ) (7)
The~t0ta| partiC|e-denSity f|uctuati0ﬂﬁk iS |dent|f|ed as V(TT and Vo’l are, of course, 22 matrices in the Spin Space_
Tr(ény,), whereas the magnetization along tzeaxis The role of the second index or |, respectively, is to
(5?1”— 5F'k1) is just Tr(s,6n,,). These are density fluctua- Specify the Fermi surface in the proximity gf which theﬁqua-
tions of electrons whose spin is parallel to thexis. The  Siparticles are located. We impose that (k) and v, (K)

transverse magnetization &n; =Tr(o~8ny,) and results Have the same formﬁl l;axpre.sspn as E? to include Ia”d
from spin-flip processes driven ty" =b,*ib, uctuations generated by variations in the quasiparticle den-

L N = ) sity at both spin Fermi surfaces,
Two quasiparticles Ko) and ’'oc') interact through a y P

deny,
B dEkL

2

momentum and spin-symmetric function: vor= (vt )2+ o (v — v )2+ (o T v o7 v)/4,
®

q)ko;k’o”:¢k;k’+(&'&,)wk,k’1 3 V(rlz(Vu"‘Vu)/2+0'z(Vu_Vii)/2+(0'+Vf+0'7VI)/4-

©)

which in a translationally invariant system depends only onthe delta functions require all momenta be equated to the
tlje Tagnitude of the relative momentum between partiCleéorresponding(Fo_, and Consequenﬂy, the new variable be-
|k—k'|. The quasiparticle energy is a functional of the dis-comes the angle made byk with the z axis. The equations
tribution function of the entire system of quasiparticles: inKk are coupled by the interaction ternis, . It is preferable
to solve for the Fourier components of, and v, , which
€o= GEUJF Tr(,/Z (pkmk,(r,(sﬁk,(r, , (4) are co_nsidered period_ic func;ions q_af Th_e Fourier compo-
K/ nent, indexed by an integéris defined in the usual way,
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Vigo' (Keg:Keor) = (1/27) [2"do e "¢, v (Key Keor @), FOr certain values of wave vector and frequency, the local
and is a parametric function of the two Fermi momekgga  electromagnetic field, created by the charge and spin fluctua-
andkg, of the interacting quasiparticles. tions themselves, sustains the oscillations even after the per-
For a sinusoidal variation of the electromagnetic perturturbation has been removed. The charged quasiparticle flow
bation ~e'(“'~%), the matrixv;,; is a solution of is equivalent to an electric curreptequal to the sum of all

bare electrons momenta weighed by the deviation from equi-

. . que librium of the quasiparticle distribution function:
—iwy g tiloy&,— 2 T[f':(|—1)a¢_<5'(|+1)UT] d P
ev N Ak
= S H(EAEY 1+ (E~IEQS 4] (10) = e T2 o, (16

(o

v satisfies the complex conjugate of E#0), in which the o sef.consistent electric field, which drives the drift mo-

direction of all spins has been changed. The Fourier rangjon, of the electrons in Eq6), is related to the electric cur-

form of the quasiparticle interaction energy, can be rent through Maxwell's equations, which in our geometry,
readily calculated from Eq3), once the coefficients of the g9 1§

interaction function, normalized by a constant density of
states at the corresponding Fermi surfab@)=m} /274>
are introduced. Because of the spin rotation franto z,

which makes each quasiparticle state of spittalongz) a
linear combination of quasiparticle states with spiror |

(alongu), four sets of coefficients are necessary:

EOEOqczE—? 1
ﬁx-mz_J- (17)

iw| —
The local contribution of the magnetic field associated with
the spin-density fluctuations is negligible by comparison

2 with the electric field, and we sét=0.
=LJ dee "(dp+ ). -« (@), (1) Equations(10), (17), and (16) form a self-consistent set,
27hi?Jo FoFa which can be solved fop,,, . This infinite homogeneous
system admits a nontrivial solution only for those values of

my Z#d Zile w(ﬁ) that resolve the secular equation obtained by cancelling
Zwﬁzfo pe (¢_'/’)kpa?ké,,("o)' (12) its determinant. The diagonal components correspond to
charge and longitudinal spin oscillations—propagation along
o _ x and spin direction parallel ta. The off diagonal terms
fo dee " (d+). . «(¢), (13 give the frequency for the spin waves that propagate along
with the spin direction in th&-y plane. Solving for the Fou-
m* r2n rier transform of the fluctuations decouples the equations of
Blo=—o0 f dee "°(¢p— ) .« (9). (14  the system in the momentum space. The interaction term
2mh?Jo Fo ' Fo &0, however, preserves the linear superposition of the
charge and spin-density waves in terms dependent on the
@y, . generates a spin-symmetric coefficieny,, and a O%glee. The coefficients of this coupling are generated by a
spin-,antisymmetric ong,, . When the two interaéting qua- rotation in the spin space from the directiorof the applied

siparticles are at different Fermi surfaces, the coefficient§ic magnetic field taz, the direction along which the re-
become, respectively,, and3,,. Their dependence on the sponse of the system is studied.

Fermi momentakg,= \27n(1—o,{) is relevant for their The fundamental determinant of the system is &16

tions v,/ . The strength of the coupling between the longi-
Vi tudinal spin-density wave and the transverse spin waves is
o1 = Llan+ mp) +oglay = w15 +(an+ ) proportional to sid, whereas the charge density and the lon-
gitudinal spin-density waves are coupled through linear com-
binations of siR@/2 and co$4/2.

A g

Mie=
*

m(T
27h?

lo

When estimated at the same Fermi surface, the interacti

I
_Uz(am_ﬂw)]%+[()‘u+ﬁu)+"z(7\li In two particular cases, fof=0 and #=90°, a solution
to the secular equation of the collective excitations can be
it Zm obtained without difficulty®'° We investigate the case of a
_IBIL)]T+[(}‘IL+IBU)_Uz()‘ll_'gll)]T small angled when the secular equation still admits an ana-

Iytic solution that bears the distinguishable character of the

" r coupling between the charge and spin waves.

_ Vit 4 Vip
o (e =) to (e —m)
_ lll. EXCITATION FREQUENCIES
_ 41 ]!
to (g~ IBIL)T +ot (N - IBIL)T An important simplification occurs in the long wavelength
limit, when at the Fermi surfacguy,<w,. In the lowest-
X(1+o-u)/2. (15 order approximation iy g,/ w?_, the plasma waves, which

Co?
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are collective modes driven by the local electric field
(|l]<?2), and the cyclotron harmonics, which are determined @, —w

by the transverse dc magnetic fiel,=Bsing, alone
(|l|=2), are linear independent.

The plasma excitations that occur in the presence of a dc
magnetic field, usually called magnetoplasmons, are resonant
density fluctuations of quasiparticles whose spin is parallel to q

z. The high-frequency excitationpyy is a superposition of
two magnetoplasmons. tﬁﬁ(,:ZTrn,,eZq/m* is the plasma
frequency of a 2D noninteracting electron gas of spim a
dielectric medium of permitivityes, wcpw is simply

COLLECTIVE EXCITATIONS IN AN ASYMMETRICALLY ...
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2

0
1+ a1ot ﬂla’ Vilg na_Z[(Zala'_ :Bla'_ Iu‘la')

+ n;/nlf(zﬁllf_ A1 )\lo')]]

2

+_U|2:T

) 5

(19

The variation ofaz, from wfw has two sources. The interac-

tion of quasiparticles of spin parallel @ is described by
a1,t B1sVN5/N,, Wherea,, refers to the same-spin inter-
action, a parametric function d,, while B, is for the
opposite-spin interaction, dependent on bkg) and kg .
The coupling with the spin-flip processes alongjives the
term proportional tog?, driven entirely by the spin depen-
dent part of the interactiogh,, , whose Fourier coefficients
are linearly combined in (21,— B1s— #10)-

The low-frequency collective excitation is a spin-density
wave:

wSDW(Q)— ‘ pT{(alT Mn)_\f()\n Bar)

(au ,U«u) \f()\u BIL)H
+0%vevE [(1+ a)(1+ag)) = B1181)]

m
(1+0‘0T)_ ,BOT + (1+ao¢)_ ﬂoi
/”T [ny
—_(1+an)+ \fﬂn) __(1+a11 \/>,311

This mode is a superposition between a spin-symmetric 62 )
plasma oscillation, driven by the spin-dependent part of the . 1==2y"B(l+ay —p)+ 2 “pl
interaction, the first term, and a longitudinal spin wave, pro-
portional tog?. The origin of the first term is the spin-flip

processes along the direction of the dc magnetic field
which generate contributions to the magnetization along the
z axis. The spin excitations in the second term are driven by
the =0 and I=1 Fourier components of the spin-
antisymmetric part of the quasiparticle interaction, weighted
by the ratio of the spin populations. The excitation frequen-
cies of the two magnetoplasmons have a quadratic depeH" first order ing, the fundamental absorptids 1 occurs at

dence or, since they are associated with fluctuations in the?? B(1+a1,—p1,)=2yB, because of the renormaliza-
) L : L tion of the gyromagnetic factor on account of the quasipar-
particle density, invariant under the change in directioB of

" ticle interactior The term proportional t&? is mixed in
The spin waves fotl|<2 propagate along, with the  through the spin dependent part of the interaction, and re-
electron spin in the-y plane. They correspond to the poles flects the coupling between the spin-flip processes about the
of the transverse magnetization, induced by up-down and axis with the density fluctuations along the direction of the
down-up spin flips. The excitations start at the Zeeman spiniitial polarization. The dependence withis linear, as a
splitting energy, corrected by the quasiparticle interactionconsequence of the initial spin imbalance in the system, pre-
plus a term proportional t@?, that describes the coupling served in a spin-density wave that is a spin-antisymmetric
with the high frequency plasmonic mode-py: property of the system.

2

wiow(Q) =0+ 0?, (18)

with ;[, the plasma frequency for an electron gas of spin
modified by the quasiparticle interaction:

+w

(20

v /ny(N = B) 1 wcpw,

02
01 =27*B(1+ay —p)+ Fog

X[(a;—p))—

X[(ar=pp)=vny/n (N = BV ocpw- (21)
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In addition to the modes described abovelfbr2, inthe  The effect of the spin polarization on these values is deter-
system propagate coupled cyclotron harmonics associatedined by the change in the effective mass, as well as by the
with the electron motion in the static magnetic fiedlj  change in the Fermi surface parameters for the up-spin elec-
=B sin 6. These excitations begin at trons.

. IV. SUMMARY
W =§[w§a|o+ w_a),

We have demonstrated that the collective excitations of a
+ \/4(030)1,3'0[;';“(03&'0_wialg)z], (22)  spin-polarized quantum well can be treated within the
7 7 Landau-Silin theory of charged Fermi liquids. When the dc

with w=eB/m}c. The lineard dependence is generated magnetic field is oriented at a small angl¢o the layer, the
entirely by the component of the magnetic field perpendicuplasmonic excitations and the spin waves are coupled
lar on the layeB,=Bsing. Equation(22) regains previous through terms that depend exclusively on the spin part of the
obtained results for the motion of the 2D spin-polarized elecquasiparticle interaction function. The coupling is obtained

tron gas in a magnetic fiefdl. in terms of the Fourier coefficients @, , parametric func-
The spin waves fofl|=2 are excited at tions of the Fermi momentkg,. By comparison with ex-
perimental data, these results can be used to determine the
wj— )= (loT 0+2y*B)(1+a);— ), phenomenological parameters used in the Landau theory.
(23 Such results can serve as guidance for microscopic models of
o)1= (o] 0=2y*B)(1+a; — ). the spin-spin interaction.
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