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Field-free charge polarization of mesoscopic rings
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We investigate the electron dynamics in a one-dimensional mesoscopic ring under the influence of short,
linearly polarized half-cycle electromagnetic pulses. It is shown that the pulses induce a nonequilibrium
coherent population of electronic states such that a time-dependent charge polarization of the ring is induced.
The time-dependent charge oscillations persist after the pulses have diminished and decay on a time scale
determined by the relaxation time. The overall duration of the charge polarization can be controlled by
applying an appropriate train of half-cycle pulses. Furthermore, we show that the emission spectrum associated
with the pulse-induced charge oscillations can be modulated appropriately by tuning the parameters of the
driving pulses. It is shown theoretically how the induced charge polarization can in principle be utilized to
measure experimentally the relaxation time of the system in a field-free manner.
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I. INTRODUCTION the pulse can be attenuated and stretched substanially
At low temperatures the phase coherence lengtbf the time) by means of optical gating techniquésSince the HCP

charge carriers in a mesoscopic system increases signif@ll IS very weak and very longcompared to the relaxation

cantly. This results in a series of quantum phenomena thdM€ Of MR's), it hardly influences the electron dynamics.
Consequently, once the HCP has passed by, the system be-

Lwith a peak field up to several hundreds of kV/&As well,

- , . 3
tronic states. If the ring is threaded by a static magnetic fieldt,ralns Of. HC.P Sare show_n to _be experimentally feas?Bfé.
The findings reported in this paper can be summarized as

the MR thermodynamic properties possess a periodic deper]a

dence on the maanetic flux. Prominent phenomena tha:fllows: the application of a short linearly polarized HCP on
. ) 9 : P ballistic thin MR induces a charge polarization that persists
emerge in this case are the so-called persistent cutrénts

d the Ah h d ilati hich much longer than the pulse duration. For this reason we also
and the Aharonov-Bohm conductance oscillations which areager 19 the post-pulse charge polarization as the field-free

the gesult of the free energy dependence on the magnetis,|arization. We consider the case where the round-trip time
_flux. The various _facets of t_he_perS|stent currents _generateﬁ'lanosecondsof the unperturbed charge carriers is much
n MR,S by a static magnet|c f|e|d are We” eStab“Shed. |n|onger than the pulse duraticma (picoseconaﬁ In th|s Situ_
particular, the electron-electron interactiom; the impurity  ation it has been shown that the pulse shape is irrelevant for
scattering, and disorder'? effects on the persistent currents the charge dynamics and the HCP can be modeled by an
have been investigated in considerable detail. Persistent cuiirstantaneous kiclkapplied at the timet; and having the
rents in carbon nanotube-based rings have recently beerengthp=-/%F(t)dt.2627.2%31Here F is the electric field
studied'? On the experimental side, several measurementamplitude of the pulse. This is the essence of the so-called
have been reported of persistent curréfits? impulsive approximation whose validity has already been
The dynamical effects produced byime-dependerglec-  demonstrated numericafy:*° In the impulsive regime, ap-
tric field acting on a MR threaded by a static magnetic fieldplying a short HCP delivers a momentum trangfarkick) to
have been investigated in Refs. 17-20. In this case the exithe charge carriers in the ring which results in time-
tence of a direct nonequilibriunicharge current has been dependent charge oscillations. As shown below explicitly,
theoretically predicted. The direct nonequilibrium currentthe deviation from the equilibrium state is governed mainly
caused by nonlinear effects is an odd function of the statidy the strength of the pulse. The time scale for the decay of
magnetic flux(as for the case of persistent currgnSonse- the induced charge oscillations is governed by the relaxation
guently, this current vanishes if the static magnetic flux istime of the system. No total charge current is induced in the
zero8-20 Further investigations concerning the dynamicalring when linearly polarized HCP’s are applied with a fixed
properties of MR’s subject to external continuous-wavepolarization axis. As one can expect from an intuitive point
(CW) laser fields have also been reportéd? of view, the application of a linearly polarized pulse does not
In the present paper we investigate the dynamics oflestroy the clockwise-counterclockwise symmetry of the
charge carriers confined in a one-dimensiodd) ballistic ~ charge carriers paths in the ring and thus the total current
MR subiject to linearly polarized half-cycle electromagneticvanishes.
pulsesHCP’s). An HCP is a strongly asymmetric monocycle
pulse consisting of a very short, strong half-cyclee refer Il. POSTPULSE POLARIZATION
to this part as an HORfollowed by a second half-cycle of We consider an isolated 1D ballistic mesoscopic ring at
an opposite polaritythe tail of the HCP. This second part of low temperaturgT~=0 K). For a thin enough ring with a
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width d<p,, the angular motion is much slower than the 1 = _ _

radial motion and, consequently, both degrees of freedom \Ifmo(e,t):? > Cr(mo,t)emPe Ent/h (4)

can be adiabatically decoupled. Furthermore] i smaller V27 mece

than the Fermi wavelength, then the MR becomes a singlygre e denoted the orbital energies of the unperturbed
channel 1D ring. In what follows we limit our analysis to the g;-taq byE,, where

case of a single-channel 1D ballistic ring. Despite the relative "
simplicity of this model, it has been shown to provide valu- R
able physical insight into the description of thin MR’s in the Em= 2m* p2’
ballistic regimel=61521 A further advantage of using the 0

single-channel model is that analytical results can be ob- Taking into account the matching condition stated in Eq.
tained and analyzed. In the conclusion section we will com{(3) and after applying the expansion theorem one finds that
ment on the effects expected when 2D rings are used. At the expansion coefficients are given by

=t, a linearly polarized HCP witlf I is applied to the ring. S
The duration of the pulse is assumed to be much shorter than Co(Mo,t) =1 . Mo
the ballistic timer:, where 7 is the time needed by a par- 1" m (@) for t>0,
ticle at the Fermi level for completing one turn around the

m=0,+1,+2,... . (5)

fort=<0,

(6)

ring. This requirement is realizable experimentally since forVith Ji(X) representing the Bessel functions aig, the Kro-

typical ballistic rings7 is of the order of several tens of N€cker symbol. In obtaining E@6) the identity in Eq.(A2)
picosecond$32 and typical HCP's employed in this work Nas been utilized.

and experimentally feasible are as short as #5pgonse- _ UPOn applying the HCP the energy spectrum of the par-
quently, one can safely treat the interaction of the chargdCles is rearranged. Specifically, the energy corresponding to
carrier with the HCP within the impulsive approximation & Particle initially in the(mp)th state evolves as

(IA). In addition, in our case the basic quantity for the the Ern,(D :<‘1’mo(¢9,t)|H|‘1’mO(9,t)>

study of the charge dynamics is the time-dependent single-

particle wave function?. Mathematically speaking, the IA . a
means that? obeys a time-dependent Schrodinger equation =ih \Pmo(g't) ot q’mo(e’t) ' (7)
describing rotational states that are kicked instantaneously at o )
time t; with a kick strengthp?6:2729_j e , The substitution of Eqg4)—6) in Eq. (7) leads to the post-
pulse energyi.e., fort>0)
av h? w0
ih—=| - ———5 —Qgpee(t)cosH |V, (1) %2
at 2m* p3 9¢? Enm,(t>0)= p— 2 My (@) (8)
Po m=—oo
where o . .
The infinite sum involved in Eq8) can be performed ex-
e(t) = pdt—ty). (2) actly [see Eq.(A3) in the Appendi} and the energy corre-
sponding to a particle initially in thémg)th state is given by
In Egs.(1) and(2), pg is the radius of the ringd(x) denotes
. : . 2.2
the Dirac function, and is the polar angle of the charge hmg fort<0
carrier measured with respect to the HCP polarization axis. 2m* pg '
The effective mass and charge of the carriers are denoted by Emo(t) = 72 o2 (9)
m* and g, respectively. Henceforth we assume without loss " 2(m(z)+ —) fort> 0.
of generality that;=0. 2m* py 2

_ We note that Eq(1) corresponds, actually, to a kicked  Rpecalling thata=gpep/#i we can write, for the particle
rigid rotor (KRR). Dipolar molecules interacting with HCP’s energy upon the pulse,

are also approximated by a KRR. It has been numerically
shown in Ref. 30 that for molecules with a rotational period
much larger than the duration of the pulses, the IA is excel-

lent. The situation discussed here is quite analogous and one _ ) .
can expect the IA to be indeed valid. Thus, applying an HCP to the ring shifts the unperturbed

The solutions of Eq(1) obey the matching condition energy spectrum by an amount that scales quadratically_ with
the strength of the pulse and does not depend on the size of
W(6,t=0")=W(h,t=0")g>c0st (3)  thering. The initial degeneracy is preserved after the pulse is
applied. Furthermore, sincEmo(t>O) grows quadratically
where a=qpop/h andt=0" andt=0" refer, respectively, to  with m,, Eq.(10) dictates that the energy of a particle at the
the times just before and right after the application of theFermi level(for which my=N/4) be affected only margin-
pulse. ally by the pulse if(N/4)?> ?/2. For smallp and for rings
The solution¥,, (6,t) of Eq. (1) that corresponds to a containing a large number of particles this condition may
particle initially residing in the(mg)th orbital state can be well be met—e.g., as for the explicit numerical illustrations
expanded in terms of the ring stationary eigenstéiteshe  discussed below. To inspect the structure of the coherent
absence of the HQRas states created by the pulse we inspect Eg¢jsand(6). Under

¢ p
E >0 =E <0)+— .
mt>0) = Enft<0)+ 7> —

(10)
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the conditionm’=|m-my|>« we have from Eqgs(6) and From Eq.(14) we deduce tha(ccosa)mo(t)=<cos€)_mo(t).
(A1) that Therefore, the contributions of particles initially in tima,
o and -m, states to the polarization interfere constructively
|Cp(Mo,t > 0)| = 1 (e_“) , m'>a. (11 andanonvanishing total polarization is generated. The total
\ 2mm'|\ 2m’ HCP-induced dipole moment along tReaxis is given by

In the weak-field regime is small and, consequently is w(®) = > f(mo,t) (1), (17)
small too. In such a situation the conditioni =|m-my|> o Mo o

is easily reached an{C,(my,t>0)|? rapidly decays when
increasing the valugn—-my|; i.e., only few stateglabeled by
m) aroundm, contribute to the coherent population created

by the pulse. It is not difficult to prove from E 6) that
y b b ash~©) commodates all the electrons. In this case it has been shown

Piny(0,0=W - (~6,0); 1.€., the clockwise-counterclockwise that the electron-electron interaction plays a subsidiary role
symmetry of the charge carrier is preserved after the appliét low temperatured o1 play y
cation of the pulse, and therefore, currents carried by par- When a MR is irrédiated by the HCP, the charge carriers

ticles initially in the my and -m, states compensate each .
: . re promoted to excited states and start to relax after the
other. This fact together with the degeneracy of the state CP has passed by. Fai=0 K and for relatively weak

[see Eq(9)] confirms the intuitive expectation that no total pulses[2a2/ (4m* pg) <E,], the relaxation time approxima-

current will be induced in the ring. o : .
In order to characterize the degree of polarization in the'o" 'S & reasonable way forzgﬂ‘gf"a'“"?‘“‘?” of the nonequi-
direction of the pulséi.e., along thex axis), we introduce the 1Prium distribution function?23%*In principle the relax-
localization parameter ation of the system may occur via various mechamsm_s—e.g.,
electron-phonon scattering, electron-electron scattering, etc.
Here these relaxation processes are incorporated in a single
(averageylparameter, the relaxation timg, that is included
at a phenomenological level. In fact, as shown below, the
This parameter is the analog to the parameter commonlgecay of the induced polarization can be monitored experi-
used for characterizing molecular orientati§2 Thus, mentally, providing thus an experimental possibility for mea-
(cosb)m (1) is @ measure of how strong a particle occupyingsuring 7 (cf. discussion in Sec. I/
initially the (my)th state localizes along thedirection upon Within the relaxation time approximation, the nonequilib-
the application of the pulse. The dynamical quantityfium distribution function is determined by the Boltzmann
<cose>m0(t) varies in the interval-1,1]. The extremal val- €quation
ues -1 and 1 are acquired when the particle is perfectly _
localized at the angleg== and 6=0, respectively. Note, il = (im0 nF(mO),
however, that(cosﬁ}mo(t):o does not necessary mean that
the particle is localized ai=+ /2. In such a case the only where 7, represents the relaxation time and
conclusion is that, statistically, the particle is distributed a1
symmetrically with respect to thg axis, meaning that the ne(my) = { F(Emo(t <0)- ﬂo)}
R A i rmy)=|1+exg ————— (19
polarization in thex direction vanishes. Note also that the keT
dipole momen along thex axis corresponding to a par- L . . .
ticrl)e initially in?hmé) (mo)t% stationary stateﬁs propgortiongl to denotes th.? Eerml—Dlrac d|str|b_ut|on function corresponding
: o2 to the equilibrium. In the equation abovE, kg, and 7, rep-
<cosa9>m0(t). More preusely,umo is given by resent the temperature, the Boltzmann constant, and the

(1) = 0po{COS B (). (13)  chemical potentia{for t<0), respectively.
o o Equation(18) has to be complemented with the boundary
After some mathematical manipulations one can obtaircondition specifying the value of the distribution function

where o refers to the spin of the particld, represents the
nonequilibrium distribution function, ang, (t) is given by
Eqg. (13). If the MR is thin enough, the lowest subband ac-

2m
(COS O)pm (1) :f |\Ifmo(¢9,t)|2 cos6deé. (12)
0

(18)
it Trel

from Egs.(4)—<6) and(12) the relation right after application of the pulse:
| 27t Amrmgt En(t>0) - 1
(coSO)m (1) = ®(t)ah(9)sm[—]cos{ i ] , (14 f(mp,0") = n®(m) = [1 + exp(”b(—)m” :
Tp Tp kBT
where®(x) denotes the Heaviside step function, (20)
— 4mm* p(z) The values of the chemical potentialg and 7, depend on
0= a\2 -2 coghnt/zp], = PR (19 the physical nature of the system. If the ring is connected to
a reservoir of particles, for example, the chemical potential is
and fixed and 5y=7;. In the particular case of our interest, in
h(Q) = Jo(Q) + (). (16) which the MR is isolated, the chemical potentigisand 7,

have to be calculated, however, by requiring the number of
In obtaining Eq.(14) we exploited the relation stated by Eq. particlesN in the ring to be a constant. Thus, for a given
(A4). isolated ring withN particles, 7, is a function of the tem-
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(a) (N-1)/2
pO) = > (0. (22)
N=5 me=—(N-1)/2
Upon substituting Eqg13) and (14) into Eq. (22) one ob-
-2 —@— —0— 2 tains an expression for the dipole momenj(N,t) in the
case the number of the spinless patrticles in the ring is odd—
-1 —@— —— 1 namely,
27Nt
N,t) = - O(t h(Q)si Ul (23
—— 0 mo(N,1) (Hgapoh( )Sln{ o ]e (23
(b) In the case of an even number of spinless particles the
highest occupied levels are half-fill§gdee Fig. 1b)] (due to
N=4 the energy degeneragsee Eq(9)]). Consequently, in such a
case Eq(21) reduces to
S —a —w— 2 (N-2)/2 1
pt)=elme X Pmg(D) + E[M—le(t) + pni2(D)].
-1 . . 1 mg=—(N-2)/2
(24)
—— 0 From Eqs(13), (14), and(24) we deduce the relation for the

dipole momentug(N,t) in the case of an even number of

FIG. 1. (Color onling Filling of the energy levelgdenoted by spinless particles in the ring:

labeled lineg at T=0 K for the case oN spinless particlegsym-
bolized by dots (a) N is an odd number and all the occupied levels

: | 27Nt 2t r
are completely filled(b) N is an even number and, because of the te(N,1) = = O(t)gapoh(£2)sin - co o e el
energy degeneracy, the highest occupied levels are half-filled. P P

(25

perature, whilep, depends on both the temperature and pulse For the case of Sp'é' particles the induced dipole mo-
amplitude. ment can be written as

It is worth noting that in the case of an isolated MR the wo(t) = wl(t) + wlt), (26)
relaxation mechanism has to include, necessarily, inelastic
scattering. The interaction of the carriers with the phonons igvhere u/(t) and x!(t) refer to the contributions from the
then crucial for the estimation of,,. Here, however, we spin-up and spin-down configurations, respectively. Four
consider, as mentioned above, as a phenomenological cases regarding the number of particles in the ring need to be
parameter. considered separately. The situation is shown in Fig. 2,

Taking into account that the value of the dipole momentwhere the filling of the levels by spin-ufyellow (light)
before the application of the pulgee., its equilibrium valug ~ circles and semicircles and spin-dovblue (dark) circles
is zero and after solving Eq18) with the boundary condi- and semicirclelsparticles is sketched. The comparison be-
tion expressed in Eq20), one can rewrite Eq(17) as fol-  tween Figs. 1 and 2 reveals the possibility of expressing the
lows: dipole moment corresponding to the case of é)'marticles
as a function of the dipole moment corresponding to the
spinless particles cagsee also Ref. )7 We now study in
details the four cases of interest.

(1) An even number of pairsi.e.,N=0(mod 4. In such a
case one easily obtains from the comparison of Figs. 1 and

~ At zero temperature only the lowest-lying states are occu2(a) that the contributions to the dipole moment resulting
pied. In such a case the sum in K1) can be performed from up spins and down spins are

analytically by taking into account the dependence of the

plt) = €7 2 0 (mo) g (1) (1)
mg,o

filling of the levels below the Fermi level on whether the p (N = (N D) = pe(NI2,1); (27)
carriers are spinless or spﬁyparticles as well as on the e they are identical and each is equal to the dipole moment
numberN of particles in the ring. corresponding to the case N2 spinless particle@ote that

In the case of spinless particlesTat0 K the filling of the /2 is evep.
levels below the Fermi level depends on whether there is an (2) An even number of pairs plus an extra partickee.,

odd or even number of particles in the rigge recall thatwe  N=1(mod 4). From Figs. 1 and @) it follows that
are considering an isolated ring and therefore the number of

particles is constapntin the caseN is an odd number all the I (ND) = uo((N+1)/2,1),
occupied levels are completely fillgdee Fig. 1a)] and Eq.
(21) reduces to wH (N = we((N=1)/2,1). (29
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(a) Taking into account the four cases discussed above, one
N =0 (mod 4) obtains from Eq(26) that for the case of spié-particles, the
total induced dipole moment“(t) can be expressed in terms
-2 O & 2 of dipole moments for the spinless cd&®s.(23) and(25)].
e The exact relationships are as follows:
1T —O0-0— —O0—! ( N
N+1 N-1
(b) o ) e M52 i n=10mod 4,
N =1 (mod 4) =S N
-2 2 2#0(5,t> if N= 2(m0d 4),
N+1 N-1
1—O0-0— —O-0—! e ") M) i = 3mod 4.
\ 2 2
—O-0— 0 (31)
(c) For a typical MR, 7, is in the nanosecond regime whereas
N =2 (mod 4) the HCP duration and the buildup as well as the decay time
5 of the polarization are in the picosecond time sg¢ake dem-
) —(O00— —O0—°2 onstrated beloy Therefore, the time domain of relevance
] 1 here corresponds to< 7,,. In such a time domaift < 7,) the
) O Oo—@ dependence of the induced polarization on the parity of the
oY | 0 number of particleN becomes irrelevaritompare Eq.23)
and (25)]. More precisely, fort< 7, and forN>1 [i.e., if
(d) (N+1)/N=1] one deduces from Eq&3)—31) that all four
N =3 (mod 4) : ; i
cases in Eq(31) tend to the same approximate expression
- Nt
2_ o < 2 17 (N,1) = — 2aqpe0 (t)[Jo(2) + Jz(Q)]sin[ WT} g Vel
P
1—O00— —0O0— (32)
—O0— 0
FIG. 2. (Color onling Filling of the energy levelglabeled solid IIl. EMISSION PROPERTIES

lines) at T=0 K for the case olN spin-% particles. Yellow(light)
and blue(dark) circles and semicircles correspond to spin-up and The dynamical polarization in a MR induced bysigle
spin-down particles, respectivelg), (b), (c), and(d) correspond to HCP decays within a time of the order of the relaxation time
the casesN=0(mod 4, N=1(mod 4, N=2(mod 4, and N 7. These charge oscillations can, however, be sustained for
=3(mod 4 particles. longer time periods if a sequence of HCP’s is applied. The
oscillating charge density generates electromagnetic radia-
(3) An odd number of pairs-i.e., N=2(mod 4. Compar-  tion. The characteristics of these radiation can be, to a certain
ing Figs. 1 and &) we conclude that extent, controlled by appropriately designing the sequence of
HCP's. In this sense the driven MR can serve as a control-
lable source of electromagnetic radiation. Furthermore, the
creation of a planar array of isolated MR&milar arrays but
. . ) . . ) including connected rings have already been experimentally
i.e., the induced dipole moments associated with spin-up anghalized® ) could resonantly increase the emission intensity.
spin-down particles are identical and each is equal to th is worth noting also that the optical emission from quan-
dipole moment corresponding to the caseNJf2 spinless  yym rings has already been experimentally studied in differ-
particles(note thatN/2 is odd. o ent situation$®37To explore the emission properties in more
(4) An odd number of pairs plus an extra partiele.e.,  getail we consider a driving field consisting of a quasiperi-
N=3(mod 4. From the comparison of Figs. 1 andgone  qgjc train of HCP's linearly polarized in the direction and
obtains that applied att=0. Quasiperiodicity means that the HCPs se-
quence lasts for a certain time lapl. Within the timeAT
wl (N1 = (N + 1)/2,1), the HCP train is periodic with a perio@,. Of a particular
interest is the case wheflg, is much longer than the relax-
ation time 7. Designing the pulse train such thg§> 7,
w(NJ) = (N =1)/2,1). (30) the task of describing the time evolution of the system under

pI(NE) =t (NE) = po(N/2,0); (29)
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the action of the HCP’s train reduces to the treatment of the [ A @ 1.0

system evolution triggered by one pulse and then exploiting =15k o 0.5

the time periodicity withinAT. . 0.0
For spin—% particles, the charge polarizatign(t) of the e -0.5

MR induced by a periodic train dt HCP’s with periodT, . 10 1.0

> 71, IS Obtained from the one-HCP polarization H§2) c

through the relation

—————————————
Piad
\\\\

<0 $00>

....

<CO0S 0>

k-1

) = go I (t=KTp), (33 ’ time [ ps]

) ) FIG. 3. (Color onling Time dependence of the localization pa-
where the dependence dhhas been omitted for brevity. rameter(cos ).

The emission spectrui{w) produced by the charge os-
cillations in the MR is given by

2 N)2
Y(w) = 7,2( matpoh)” - (39
(@) ~ |uw), (34) (_sz_+ N _szp) a2
Trel Tp Trel

where u,(w) is the Fourier transform of,(t).
Taking into account the properties of the Fourier trans-,
form one verifies that

Therefore, we conclude that fdw<1/2) the modulation
function Y has a maximal valu¥ ., at the frequencyvay,

where
Sin(kw—TE> szmaxz (kag POTreI)2 (40
2 .
@) = (o) grilk-Dr2JuT, (35) and
sin @Tp NT.\2 T \2
2 Dmax _ \/(_9) _<_p_) _ (41)
g 27, 2T Tg
where Note, however, that as,,,, must be a real number, the maxi-
mum, Eq.(40), exists only ifr = 7,/ (7N). It is also worth-
o [ oty 36 while to note that although the amplitude of the modulation
w(w) = M (De"dt (36 function depends on the pulse amplitude, its form is deter-

mined exclusively by the ring parameters.

is the Fourier transform of the polarizatiuf(t) induced by
a single HCP as given by E@32). Then Eq.(34) can be IV. NUMERICAL RESULTS
written as follows:
For a concrete demonstration of the above findings we
koT-\ 12 calculated the HCP-induced polarization for a ballistic
sin(—p) GaAs-AlGaAs ring similar to that used in the experiment
2 _ (37)  reported in Ref. 15. We stress, however, that the ring used in
sin(w—T9> Ref. 15 is not a single-channel ring, since its width
~0.16 um is greater than the corresponding Fermi wave-
length \p=0.042um. Here we consider a ring with the
Here we introduced the functiof(w) =|u’(w)[?. From Eq. Same parameters as in Ref. 15 but assume its Valelir g, _
(37) it is evident that the emission spectrum has peaks at the® that only the lowest channel participates in the dynamics
integer harmonic§w=nwg, wp=27/Ty, N=0,1,2,..). The of the system. The ring radius j5=1.35um, whereas the

amplitudes of these peaks are determined by the modulati (ﬁlectron effective mass is* =0.067m,, andN=1400. Sine-
function k2Y(w). guare-shaped HCP’s with a time duration of 1 ps are em-

In general, the Fourier transform in E¢86) must be ployed Zero temperature is considered in all calculations.

: The time dependence of the localization parameter
evaluated numerically. However, for the case of very weal . P
P11 e Conclie Tt 1 and e Gessl 20y ConesPOg 0 e Gt Samc st
functions in Eq/(32) can be approximated By F of the HCP. As evidenced by this figure, a particle initially

Y in the ground stationary state reaches its maximum localiza-
J(Q) ~ 1 (2) ,v#-1,-2,-3,.... (38 fionarounds=m after a time of the order of 20 ps for a peak
I(v+1) field F=1 kV/cm. When stronger fields are applied, the lo-
calization of the particle oscillates faster with time. Hf
In this limit (2<1) Y(w) acquires the analytical expression =2 kV/cm, the particle localizes roughly along the and

l(w) ~ Y(w)
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t=30ps T=0K -~ N =500
. O X - N = 1000
507 \
= \
et o S U L N i, o
o
25 F,=1kV/cm
—_ ¥ [MD] -10
§ e 2 0 10 20 30 40 50
2 . 2 time[ps]
& | ;
0 10 20 30 40 50 8 FIG. 5. (Color online Time dependence of the dipole moment
time [ps ] n’ corresponding to the case of s;ﬁrparticles for different values

) ) . of the number of particled, in the ring.
FIG. 4. (Color onling Time dependence of the dipole moment

u? corresponding to the case of spﬁrparticles for different values field strength in order to enhance the amplitude of the in-
of the relaxation timer, (a) and with varying the pulse strength duced polarization. It should be noted, however, that the
F (b). treatment presented in this work is justified for relatively

o . weak pulses which ensures that the energy delivered to the
along thex direction after times of about 8 and 27 ps, respec-system is much smaller thag: and the relaxation time ap-
tively. _ _ _ , proximation becomes viable.

We note that with an increasing HCP field strength the' e time evolution of the post-pulse dipole moment cor-
electronic states undergo a larger momentum and eNerg¥%sponding to an even number of séinearriers has a
change[cf. Eq.(9_)]. Therefore the oscillations in the cha_rge- damped oscillating behavior with nodgsee Eqs(23), (25),
density localization parametsécosa)m0 become faster with and(31)] att=nr,/N (with n being an integer numbeand
increasingF. The same argument applies if initiaipefore  at those values aof for which h(2)=0. Therefore the dura-
applying the HCP’s the carriers reside in a high-angular- tion of the first half-cycle of the polarizatiofnote that this
momentum state. In this case the localizatjoos6)y, has a  cycle gives the strongest polarization, since the dipole mo-
fast oscillatory behavior in time, even for small fields. This ment is exponentially damped by the relaxation of the sys-
situation is illustrated in Fig.®), in which casem,=300. In  tem) depends, essentially, on the number of carriers in the
this context it is important to mention that the localization ring. This situation is illustrated in Fig. 5, where the time
parameteKcosf)n is strictly periodic with a period deter- evolution of the induced dipole moment is displayed for dif-
mined by 7, [see Eq(14)]. However, sincer,~13.26 ns is  ferent values of the number of particles in the ring.
much longer than the typical relaxation timg,, the field- The charge polarization depicted in Figs. 4 and 5 emerges
free (postpulsg charge oscillations decay before thgperi-  after the HCP is diminishedhe pulse duration is 1 psThus
odic dependence becomes apparent. Figyl® Bidicates the polarization buildup and decay occur in a nearly field-
that stronger fields lead faster to a localization of the chargéree environment. This observation can be exploited as a
carriers. We remark, however, that a strong field strength ifinique opportunity for investigating relaxation processes in
not necessarily a prerequisite for stronger localization. the absence of external perturbations. The situation is quali-

Having discussed the general properties of the localizatatively different from the case wheressationarypolariza-
tion parameter we focus now on the details of the inducedion is induced by a dc electric field, because the switch-on
electric dipole. Using the relaxation time approximation weand switch-off time of the dc field is usually very slow com-
evaluated the time dependence of the total dipole momént pared to7,g,.
for different values ofr,; and for varying pulse field ampli- So far we have discussed results corresponding to the case
tudes in Figs. @) and 4b), respectively. We recall that the in which a single HCP is applied. When the MR is subjected
duration of the pulse is 1 ps. Taking this into considerationto a quasiperiodic train of HCP&with period T,> 7)) the
we conclude that the buildup and decay of the polarizationbehavior of the time dependence of the polarization shown in
as illustrated in Figs. @) and 4b), occur in a field-free Fig. 4 can be periodically repeated as many times as the
manner; e.g., the polarization is generated within 10 ps aftenumber of applied pulses. This situation is displayed in Figs.
the application of the pulse. It is also noteworthy that the6(a) and &b) which show the time dependence of the in-
magnitude ofu” is substantia[u” in Figs. 4a) and 4b) is  duced polarization.” corresponding to the case of a train of
depicted in units of 1DD]. The maximum absolute value of k=10 HCP’s with periodT,=100 ps. In Figs. &) and Gb)
the induced electric dipole moment decreases when shortethe peak fields are, respectivelfs=1V/cm and F
ing the relaxation tim¢see Fig. 4a)]. Nevertheless, the post- =1 kV/cm. It is worth mentioning that although we have
pulse polarization is still appreciable within a typical rangelimited our study to the case of a quasiperiodic train of uni-
of values ofr, in ballistic semiconductor MR'¢Ref. 1) as  directional HCP's, it is also experimentally feasible to gen-
shown in Fig. 4a). On the other hand, the induced dipole erate trains of bidirectional HCP&Ref. 28 as well as the
moment increases with the pulse field strength, but the timeontrol of the time delay between consecutive pulses. There-
within which the polarization is formed decreases with stronfore it is possible to engineer the ring polarization on a pi-
ger fields[see Fig. 4b)]. Thus, the amount and duration of cosecond time scale by appropriately designing the sequence
the induced dipole moment can, to a certain extent, be tunedf HCP'’s.
by applying an appropriately designed HCP. In view of the The radiation emission spectra corresponding to the po-
above results it might appear tempting to increase the HCRurization oscillations shown in Figs(& and &b) are dis-
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:: FoiViem  +.-20ps (@) fields]. We also note that the charge polarization effects oc-
cur mainly between consecutive pulses and, therefore, in a
field-free environment. This behavior is in contrast to the

case in which a CW laser or symmetric laser pulses are used.

In the case of CW lasers, the system is driven all the time by

(3]

¥ ILkD]
o

[
(5]

-10

F=1kV/em t, =20 ps

.(b)_.'o the external field and, therefore, no field-free charge oscilla-
s T tions occur. On the other hand, the post-pulse polarization
oo B strongly depends on the amount of momentum transferred by
js = the external field to the system. This is the reason why HCP’s
10 should be employed instead of nearly symmetric laser pulses
0 200 400 600 800 1000

in order to be able to observe the effects discussed in the
present work(a time-symmetric pulse transfers no net mo-
mentum to the system

The emission spectrum displayed in Fig. 7 corresponds to
charge oscillations that take place after the HCP’s have faded
away. Therefore, the emission spectrum contains information

played in Figs. %) and 7b), respectively. For the sake of inherent to the properties of the system under zero external
comparisonl (w) has been expressed in the same arbitrar;"ems- This fact can be used as a tool for studymg relaxation
units in both Figs. @) and Tb). We note that the results Processes in absence of external perturbations. In fact, the

depicted in Fig. 7a) correspond to the case of very weak resultg depicted in Fig. 7 'hint on a method for measuring
fields (i.e., for F=1 V/cm the conditona<1/2 holdg. ~ €xperimentally the relaxation time,. By measuring the
Therefore, the curves in that figure were computed by usingMiSSIon spectrum, the relaxation time can be found as the
the analytical expressions stated by EGJ) and(39). Since value of 7, in the modulation functiork“Y(w) that leads to

for F=1 kV/cm, the conditiona<1/2 is no longer valid, the best correspondence with the emission peaks as deter-
the results shown in Fig.(B) are obtained numerically by Mined experimentally. Furthermore, we believe that it is, in
computing the Fourier transform according to E86). As  Principle, possible to infer from the emission spectrum the

anticipated in the previous section, the emission spectrum jgXistence or not of the various relaxation processes and their
composed of peaks at the integer harmoniesnw, n  rélevance. A definitive answer to this question, however, re-

=0,1,2,..) with amplitudes that are modulated by the quires the detailed inclusion of the relaxation mechanisms.
modulation functionk?Y(w). Thus, the system studied here The proposed model includes the relaxation at a phenomeno-
can be useful for harmonic generation. The quantity) logical level and cannot provide such a detailed information.

depends quadratically on the strength of the impulsive kicks
mediated by the pulses to the systésee Eqs(32)—(34)].
Therefore, the intensity of the emission lines increases with o ) o .
the peak field=. This behavior is particularly evident from a ~ Summarizing we showed that when a thin ballistic MR is
comparison of Figs. (@ and 7b). The modulation function Subjected to a single, linearly polarized HCP, a time-
depends essentially on the ring parameters. Thus, by choogépendent charge polarization is induced in the ring. The
ing appropriate values fqr, andN one carfilter (to a certain ~ induced polarization of the MR persists even after the HCP
exteny some specific harmonics from the emission spectrumias passed by, i.e., under field-free conditions. The depen-
For examp|e’ one can choose the system parameters Su@ﬁnce of the field-free pplarizgtion induced in the ring on the
that wma,d @ coincides with the order of the harmonic one Pulse parameters was investigated. When a single HCP is

wishes to highlighfsee Eq(41) for the case of very weak applied, the MR charge polarization decays on a time of the
order of the relaxation time of the system. Nevertheless, we

time [ps]

FIG. 6. Time dependence of the dipole momgftfor the case
of spin% particles. The results correspond to a traiksfl0 HCP’s
with period T,=100 ps.

V. CONCLUDING REMARKS AND OUTLOOK

0

5

o/ o

15

— 20 have indicated that the charge polarization can be sustained
2 15E F=1Viem {* @ for a longer time if an appropriate train of HCP's is utilized.
5 A0 1 (w) I ) . .
g 10 L K2Y (o) The charge oscillations induced in that way can be engi-
= 5 l l =20 p] neered on the picosecond time scale by designing the pulse
= of vl A bl sequence in a predefined way. The emission spectrum gener-
F=1kViem . () 8x10° T atgd by the induced charge osc[llations was studied. .The o_b—
A1 — Mo {exi0’ o tained results show the potentiality of the system investi-
N KV a0’ 8 gated here as a tool for harmonic generation. A procedure
1l A [ 7a=20ps {210 2 was proposed for the experimental measurement of the time
= of relaxation of the excited states to the equilibrium state in

absence of external perturbations.
The results are strictly valid for aigleal single-channel
1D ballistic ring. In these rings it has been shown that the

FIG. 7. (Color online@ Emission spectrum(solid lineg and
modulation functiondashed linesfor the case of spir%- particles.
The results correspond to a train k10 HCP's with periodT,
=100 ps(wo=27/T,~6.28x 10'° Hz).

electron-electron scattering is of a marginal importance for
the stationary state due to the momentum conservation.
Hence our treatment of the stationary system is well justified.
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For the excited state the situation changes because, in gepled and the decisive effect of including the different radial
eral, the external field induces a charge polarization whictthannels is a lowering of the Fermi energy compared to the
breaks the rotational symmetry. Hence, the momentum corf=ermi energy of the single-channel case. We expect that the
servation in the electron-electron scattering is violated. Thuspeak of the polarizatiorisee, for example, Fig.)4will in-
the excited ring resembles the situation encountered wheg¢fease when other channels are included, since the system
going from clean to “dirty” metal rings in which the rota- Will be more easily exciteda similar situation occurs for the
tional symmetry is broken due to the presence of disordecase of persistent currents, where the peak current scales as
Therefore, the question arises as to the influence of thée square root of the number of chanfiéfs On the other
electron-electron interaction on our results which we treatedand, loweringEr is accompanied by a reduction of the an-
on the basis of the relaxation time approximation. In generalgular velocity of the particles near the Fermi level and, con-
the influence of the electronic interaction and disorder mayequently, one could expect the time oscillations of the
affect qualitatively the properties of the rings. To contrastSingle-channel polarizatio(see Fig. 4 to occur in a slower
with our present case we recall the discussion following Eqtime scale when the different radial channels are included.
(10) where we showed explicitly that a weak pulse does not

. L Lo APPENDIX
drive the system significantly far from the equilibrium and
hence(in the studied cagahe ground-state properties are not  Here we present some mathematical identities that were
changed completely upon applying the pulse. To give somésed in obtaining Eqs(11), (6), (8), and (14). In all the
numbers for the studied case we note the following: applyingdentitiese represents the Euler numben,neZ, anda,b
a pulse with a peak field amplitude of 1 kV/cm leads to a< R.

maximal change of only 1.6 meV in the energy of an elec- 1 ea\m
tron at the Fermi level. This value is considerably smaller Jn(@) = :(—) , ma>0, m>a. (A1)
than the Fermi energlf-=38.2 meV. Hence, we expect that V2mm\2m

including the effect of electronic correlation in a more So-Tne cases corresponding to negative valugs ahd/ora are
phisticated manner than within the relaxation time approxi-eas”y obtained from Eg(Al) by taking into account that
mation will not alter qualitatively the essential findings of J_ (@)= (-a)=(-1)™ (a):

this study. We also recall that in the high-quality )
GaAlAs/GaAs MR used in the experiment of Ref. 15 the T
disorder was found to be very weak. For such ballistic rings J
the disorder effects are irrelevant. Nevertheless, in the au-

thors view, it is highly interesting to study the emergence of

Mgl cosidg = 277iMJ (a) = 2iMI_ (- @), (A2)
0

“ 2
electronic correlation effects as well as the influence of dis- > [md_ (@2 =n*+ a_, (A3)
order in metallic rings and with increasing the strength of the m=—oc 2
pulses. In such a case the present analytical model is no
longer justified and we have then to resort to full numerical 1 -cosb
simulations. o cosmb T
A further remark concerns the dimensionality of the ring. E Jn(@)Imer(a)) =Jy(w) _ ,
It is instructive to analyze whether the results of the single- m=-— sinmb sinb
channel 1D model offers a qualitatively correct picture for V2(1 - cosb)

the electron dynamics in thin ballistic MR’s withg<<d
< pp and involving a small number(L = d/\g> 1) of radial
channels. This is, for example, the case of the ring realized iwhere w=ay2-2 cosh.
the experiments of Ref. 15. For these thin rings and weak All the identities above were obtained, after some math-
fields the angular and radial motion are adiabatically decouematical manipulations, from identities reported in Ref. 38.
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