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Spin-orbit splitting of the cyclotron resonance in GaAs
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We have studied the relevance of spin-orbit coupling to the splitting of the cyclotron resonance of electron
space-charge layers in GaAs recently observed by Magtgar[Phys. Rev. B63, 121203R(2001)]. We show
that the spin-orbit interaction couples density and spin-density excitations in the long-wavelength limit and is
able to explain all the features observed in the experiment.
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The influence of impurity and band-structure effects on The operator describing the SO Dresselhaus contribution
the cyclotron resonandeCR) is an important topic that has for the standard001) plane of GaAs is given by
been investigated in many experiments on space-charge
layers’~’ These effects break the translational invariance of A
the system and as a consequence invalidate the Kohn Hp= %E [Pxox— Pyay i, (1)
theoren§ according to which in the CR experiments a single i=1
line at the cyclotron energy.=eB/mc should be observed. , . . .
Indeed, in a recent CR investigation of high-mobility elec-Where theo’s are the Pauli matrices arf=~i V +(e/c)A
tron space-charge layers in Gaa,line splitting of the CR represents th_e canomcal momentum given in terms of the
resonance due to band-structure influences was clearly of€ctor potentialA in the Landau gauge. We ignore terms
served. The main features of the experiment are the followcubic in the momentum for simplicity. The Dresselhaus pa-
ing: a well-resolved splitting of CR for filling factors=3 ~ rameter\ is given by~ (P,/%)? wherey is a material
and 5(v=2m¢2N,, £=1\#/eB) which increases with the elec- specific constant that for GaAs?¥sy=27.5eV A and
tron carrier densityNg; a similar behavior, but less pro- ((P,/%)?) can be related to the layer vertical widgy’ by
nounced, forr=7; a gain in strength of the line with lower ((P,/%)?)=(m/z,)? assuming that the electrons in taeli-
transition frequency with ncreasig;, and finally no signifi- - rection are confined in the ground state of a square well of
cant splitting for the even filling factors. width z,. This rough estimate should be taken with some care
In this Rapid Communication we argue that the Dresselgince jt does not introduce any density dependenae This

haus spin-orbit interactiol, which is responsible for the is in disagreement with some experimental evideiic®
spin splitting of the conduction band in bulk GaAs, is also,ofore it must be taken as just giving an order of magni-

the main cause of the observed CR splitting. Moreover, as: X . .
suming the presence of an additional small, but not negli-tUde of the effect we are going to investigate, whose strength

H 2 2 _ 1
gible, nonlocal electron-electron interaction, it can explainturns O.Ut to be proportional ta m/h =0.25 cm™ for a
all the features observed in the experiment. layer width of 100 A. For larger widths the Dresselhaus SO

The study of spin-orbit(SO) effects in semiconductor intensity decreases and the Rashba term may become impor-
nanostructures has been the object of many experimental at@nt o )
theoretical investigations in the last few ye&r=3 It links We start from the quantum-well Hamiltonian in the
the spin and the charge dynamics, hence opening the pos$ffective-mass, dielectric constant approximation:
bility of spin control by means of electric field$2>Here we
show that the SO interaction strongly affects the optical H=Ho+V, 2

roperties of electron space-charge layers in GaAs by induc- . — -
i%g pa strong couplingpbetweengcha?/ge-density an)é spin\_/vhereH_o |s_the one-body part of the Hamiltonian _con3|st|ng
density excitations in the long-wavelength limit. We show ©f the kinetic, Dresselhaus, and Zeeman terms, i.e.,
that the energy splitting of the CR is a clear and quantitative N I
signature of the Dresselhaus SO coupling in these systems, =S PP +PP
The other possible spin-orbit interaction, known as the 0_._1 am
Rashba term%2”which is due to the asymmetry of the con- .
finement potential, has been found to be negligible in all the 3
cases we have studied for the electron space-charge layer in _ )
GaAs of Ref. 9. This does not mean that the Rashba S@herem=m*m, (m*=0.067 for GaAg is the effective elc-ic-
interaction is always negligible. For other structures orffon mass in units of the bare electron masg, P*
widths of the layer the intensities of the two SO interactions=Px*iPy, and o.=oytioy. The Zeeman termH;
can be comparable and both affect the CR energy splitting. IF2{9* ugBo’, depends on the total vertical spfjo), the
general any kind of SO interaction affects the CR energyBohr magnetorug, and the effective gyromagnetic facg,
splitting since it violates the Kohn theorem due to its spinwhich for bulk GaAs is —0.44. In Eq(2), V is the usual
and momentum dependences. Coulomb interaction,

N1
+Z(P o, +P U-)+§9 meBoy |
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N
3
V=2 : 4
i<j dri—rjl
where € is the dielectric constant of the semiconducter
=12.4 for GaAs.
By using the unitary transformatiéh®*

N
U= exp{— NS (X0 yay)i} , (5)
7o

the Schrodinger equatiofHy+V)|n)=E,n) is transformed
into

(Ho +V)[Ti) = E,R), (6)

where[f)=U|n), Hy=U"1H,U, and the interactioV and the
energieE, remain unchanged. At the leading ordeiinone

gets forFiO in the transformed syste(to simplify the expres-

sions, in the following we shall use effective atomic units
f=€’/e=m=1, where the length unit is the effective Bohr
radiusa;=aoe/m and the energy unit is the effective Hartree

H*=Hm*/ & for GaAs one getsa,=97.9 A and H*
~11.9 meV=95.6 cm?)

KZ

N
PP+ PP
{— -5 QP -QP)o,

Fp=3
° i=1 4
1
+ EQJ* lLBESOE} ’ (7)

whereQ*=xz+iy. The advantage of using transformati¢
lies in the fact that in the transformed system the stfites
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gies of the two modes of excitation in the long-wavelength
limit, whereas nonlocal effective theories such as the Landau
theory and BHF do it.

In BHF, the relevant nonlocal term in the energy func-
tional to study the cyclotron resonance is giveri‘sy

fvo(p)(pT-Jz)dr —fvl(p)ﬁdf, 9)

wherep and r are the one-body diagonal and kinetic energy
densities, respectively, and the current densiiendJ, are
given by

N
J :<x1f|%2 (P,8(r —r)) + H.c)|¥)
i=1

and

N

1 .
1= (VG2 P - 1oy + HellW),

respectively. By taking in Eq(9) vo(p)=ko/2p and vq(p)
=k,/2p, one gets a BHF potential

P2

ko —kod Pi=kidy Pk (10

N
V=,
i=1

The first term of this equation, added to the kinetic energy
term of Eq.(7), gives rise to a constant eﬁeqtive maesem-
ing from the electron-electron interactijoh/m,=(1+kp). A

self-consistent vibrating dipole-dipole interactiéﬁ(r 1), to

are eigenstates (ﬁz and calculations can be performed using be used in time-dependent BHF CalCUlationS, is derived from

the usual spinorial formalism. The unitary transformatibn

the last two terms of Eq.10) by imposing irrotational cur-

can be used to evaluate expectation values of physical oientssl=p(t)pVf, wheref=x,y, on bothJ andJ; **-**The
servables other than the energy in the |ab0rat0ry frame. |{rotational nature of currents in collective motion follows
particular the quantity of interest, i.e., the dipole strengthhaturally from the assumption that the collective state com-

transforms into itself since the operator of Eg. (5) com-
mutes with the dipole operat@y,Q;".

pletely exhausts the excitation strength as it is the case for
the CR resonance and the spin-density mode in the long-

The spin-orbit term in Eq(7) mixes density excitations Wwavelength limit. By using self-consistency to determine
induced by the operat®, P’ with the spin-density excita- S(t), one gets forSV(r ,t)

tions induced by&N, P/ o), since

N N N
[HO,E Pr] = w2 PY+ 222 (Pla,+iwQfd), (8)
i=1 i=1 i=1

and violates the Kohn theorem for whicfH,3\ Pi]

=wC2i'\ilPi+.

For a correct evaluation of the effects induced by the spin
orbit interaction on the CR resonance, it is, however, neces-I q N hat the time d q &5
sary to consider the effects of the electron-electron interac® ectrons(down). Note that the time dependence &(r 1)

tion too. These effects will be treated in the following in th

N N N
é\~/(r,t):2|:_ﬁ EP'_ P+_ﬁ E(PJ_OJZ

Sl 2N\Z

o))l
N ! N )

+Hc., (11

where 5,=N;-N, and N, (N)) is the number of spin-up

e s in the(:--) spatial foldings with the densities induced by a

transformed system where we consider the electron-electrdine-dependent external field.

interaction in the Brueckner-Hartree-Fock(BHF)

The total HamiltonianH=H}+&V(r,t), where Hy in-

approximatior?® The reason to use BHF is that usual theo-cludes the effective mass m],=(1+ko) in the kinetic en-

ries such as random-phase approximatiqiRPA),3¢

ergy term of Eq(7), can now be solved analytically within

time-dependent-Hartree-Foék,and time-dependent local- the RPA by finding the operato3* solution of the equation
density approximatioré do not give any effect on the ener- of motion:
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H.0"] = wO". 12 negatjve, strongly density dependédiit decreases with in-
[ 1= (12 creasing Ny, and equal to=-2x102 at Ng=3.32
We have used the methods illustrated in Ref. 34 to computex 1071 cmi™?, which is the highest value of the density re-

the commutators of a one-body operakowith the Hamil-  ported. The CR experiment we are going to analyze covers
tonian as the density regime from 2107 to 13x 10 cm?, the
~ -~ ~ energyw, lies in some range around 100 tinyielding the
[H,F]=[Hq,F]+ oV(F), (13)  estimate *w.=2 cn'?, and the observed splitting is in the

~u . . . _ range=1-4 cm. ko, is a key quantity of the model which
whereHj is the static Ham|~lton|a|[1Eq. (7) with the effective  gopjeg agn/ 2 Undcer the same conditions of density and
mass 1Mm.=(1+ky)], and 6V(F) is the changélinear inF)  magnetic field one can then vary this quantity by changing
induced in the time-dependent potential by the unitary transthe material.

B 'F - ~
formatione™. For the potential of Eqc11) one gets As we have already anticipated the spin-orbit ternHin

5 Ko N N K N couples the density mode with the spin-density one and

SV(F)=-—(0 P-FE V> PF - —X(0 P o changes the above scenario. In particular the Kohn'’s theorem

(F) ( P F (02 P ( § 07

2N | = i=1 2N |2 is violated and the spin-density mode can be excited by the
N dipole operatoQ, which is the relevant one in CR experi-

- Elp_— FlloS (Pfrai _ épff) (14y ~ Ments. As a consequence the two strengtBif,|w,)|* and

N oVt N (0|Q,|w,)|? are both different from zero and the CR reso-

where0) is the static BHF ground state and analogously fornance splits into two lines. In this case the equations of mo-
H : +_x'N +
the Hermitian conjugate term of E¢L1). The two terms of ion (12) can be solved with the operat®’=3;-,[aQ

; : —_— +bP"+cQo,+dP's,] yielding a homogenous system of
Eq.(13) h diff t ph | :th tator . z ! e .
g (13) have a different physical meaning: the commu aorIlnear equations for the coefficierdsb, ¢, andd from which

[Ho, F] originates from the static, one-body properties of they,q energies,, », are obtained by solving the secular equa-
Hamiltonian, while the terndV(F) originates from the renor- tion (valid at the ordei?):
malization of the self-consistent potential. The latter contri- 4s,
bution is essential to take into account th_e R+PA correlations. (0 - w)[® - 01 +K)] = - —2\Zkaoy. (18)
By using the basic commutation rul¢®~,P"]=2w, and N
O . )
[Q;P 1=[Q",P7]=2i, it can be easily shown that neglecting For each energy solution, the homogenous linear system,
in H the spin-orbit term proportional th?, the solutions to  supplemented ~ with  the  normalization  condition

Eg. (12) are given by (O][(O"',0%]|0y=1, gives the coefficienta, b, ¢, andd.
N In the cases\=0 or S,=0 the two modes are uncoupled
O =4/ > pr, and one recovers the situation of E¢$5—17). This ex-
P 2Nwgi5 plains why in the experiments at even filling factor for which
N; =N, andS,=0 no splitting of the CR line is seen. Whan
\/ 1 N S, k, andS, are different from zero, one gets two lines splitted
o' = Pt — —p.+>, 15 by the ener
N 2Nod1 - s ( TP 9 V
8
and AE= WSZ)\Z — Koy, (19
®,= 0, 0= w(1+K), (16) getting the dipole strengths
wherek=k,—k;[1-(2S,/N)?] and the subscripts and o re- 2N
fer to density and spin-density excitations in the long- K0lQ,lw)?=—,
wavelength limit, respectively. The dipole strength is distrib- We
uted among the above states as folld‘%=2ﬁlQi+): o | a2 )
,_ 2N , [OIQ ===~ (1-@$/NF| . (20
(0Qlwp= ==, [0Qun?=0,  (7) e | ko
C

The resultg19) and(20) are able to explain all the features
so that the Kohn'’s theorem is fulfilled and according to it theobserved in the CR experiment if one notices that the esti-
spin-density mode is not excited by the density oper@or mates for kw, and 22 we have done before give faE the
and the corresponding matrix element vanishes. It is als@ight order of magnitude of the observed splitting and more-
important to note that the above results coincide with thosever if one supposes that the quantity’Zke, increases with

of the Landau theory for the two-dimensional electron gas irthe density. In this case the line with lower transition fre-
the long wavelength limit, if one identifies the strengilgs  quency will gain in strength with increasin in agreement
andk; with the combinations of Landau parametefS;H2  with the observations. Moreover at fixed density, both
+F3) and F3/(2+F3). This allows us to give an estimate of (8S,/N)A? and ke, decrease for increasing filling factors
the strengthk by using forF§ and F§ the available Monte since 5,/N=1/v and alsow. goes as 1#, explaining why
Carlo calculation of Ref. 41. This calculation shows tké  the splitting is much better experimentally resolvedvat3

081201-3



RAPID COMMUNICATIONS

P. TONELLO AND E. LIPPARINI PHYSICAL REVIEW B70, 081201R) (2004

and 5 than fory=7. Finally the strengti(0|Q,|w,)[* van-  spin-density state but also with other modes of excitations
ishes at ,/N=1, explaining why at filling factow=1 no  (the spin-flip onepswhich are not resolved experimentally,
splitting is observed. It is also interesting to compare resulindicating that a first-order calculation might be sufficient at
(19) for CR splitting with the one of the nonparabolicity |east to determine the crucial ingredients of the observed
models for the GaAs conduction band. Th2'5 single-particlesnenomena. These spin-flip modes are expected to lie in the
g:;)ednel tl’?sredl’l](':t?] é“ splitting [()jroporﬂonal B and Id'pOIEl’ low-energy region and carry a dipole strength of the order of
gths which do not reproduce the experimental results. I, o nercent of the CR one. In conclusion we have found a
our theory the interaction enters in a natural and crucial wa T : . o .
for reproducing energy splittings and strengths. In particula%trong indication that _spln-orblt co_upllng IS resp0_n5|ble for_
the splitting is linear inB. the features d_etected in CR expenments. A detailed experi-
One should note that the theory we have developed is df€ntal analysis of the CR spectrum in terms of E@$) and
the lower order in\2 and that ifA2 becomes comparable to (20) would yield a clean determination of the Dresselhaus
ke, higher-order corrections might be important. HoweverSO intensity and of the almost unknown Landau parameters

higher order terms in mix the CR state not only with the enteringk as a function of the density.
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