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We study the pumping effects, in both the adiabatic and nonadiabatic regimes, of a fi@bedinger-gate
array(FGA) on a narrow channel. Connection between the pumping characteristics and associated mechanisms
is established. The pumping potential is generated by ac biasing the FGA pair. For a singie=daiof finger
gates(FG’s), the pumping mechanism is due to the coherent inelastic scattering of the traversing electron to its
subband threshold. For a pair of FGA with pair number 2, the dominant pumping mechanism becomes that
of the time-dependent Bragg reflection. The contribution of the time-dependent Bragg reflection to the pump-
ing is enabled by breaking the symmetry in the electron transmission when the pumping potential is of a
predominant propagating type. This propagating wave condition can be achieved both by an appropriate choice
of the FGA pair configuration and by the monitoring of a phase differelhbetween the ac biases in the FGA
pair. The robustness of such a pumping mechanism is demonstrated by considering a FGA pair with only pair

numberN=4.
DOI: 10.1103/PhysRevB.70.085315 PACS nuni®er72.10—d, 72.30+q, 72.90+y
[. INTRODUCTION of the same frequency but differed by a tunable phase

uantum charge pumpiEDCP has become an active differer)ce?’ DC response across the source and drain elec-
fiel(dg in recent yegré‘.gl ThFi)s icgco?cerned with the genera- _trodes_ is the signature of the AQP. This has prompted further
tion of net transport of charges across an unbiased mesolli€nsive studies on AQP in quar12tum_d6‘t§doub|e-barr|er
copic structure by cyclic deformation of two structure param-duantum well$, pumped voltagl%, noiseless AQs;onheat
eters. Original proposal of QCP, in the adiabatic regime, wa§urrent” incoherent processeés;® quantum rings;* and
due to Thouless® and NiuZ They considered the current Iteracting wirest . . .
generated by a slowly varying traveling wave in an isolated AN alternate experimental effort in generating AQP in-

H 25-29
one-dimensional system. The number of electrons tranSVOIVes surface acoustic wavSAW). Generated by an

; . . Interdigitated SAW transducer located deep on an end-region
ported per period was found to be quantized if the Ferm'of a ngrrow channel, the SAW propagates to the other egnd-
Pegion of the narrow channel while inducing a wave of elec-
. : X . . frostatic potential inside the channel. Electrons trapped in the
of the adiabatic pumping, Niu proposed various Onewniential minima are thus transported along the narrow chan-
dimensional periodic potentials for the adiabatic quantume| Both Mott-Hubbard electron-electron repulsion in each
pumping (AQP),? and pointed out the importance of the sych trap and the adiabaticity in the transport are needed to
quantized charge pumping in utilizing it for a dlrect-currentgive rise to quantization in the pumped curréhfss such,
standard. the channel has to be operated in the pinch-off redifme.
Another way to achieve the AQP was suggested by Hek- In this work, we propose to study yet another experimen-
king and Nazarov,who studied the role of inelastic scatter- tal configuration for QCP in a narrow channel. The proposed
ing in the quantum pumping of a double-oscillating barrier inconfiguration consists of a pair dinite finger-gate array
a one-dimensional system. Intended to stay in the adiabatid®=GA), with the numbeilN of FG’s in each FGA being kept
regime, they invoked a semiclassical approximation and hatb a small number. In contrast to the SAW configuration, the
assumed that the Fermi energy>#{(), where Q) is the FGA pair sits on top of the narrow channel, rather than lo-
pumping frequency. This semiclassical treatment of the in€ating at a distance far away from it and the most significant
elastic scattering is known to be inappropriate for the regimé&CP occurs in regimes other than the pinch-off regime. The
when either the initial or the final states are in the vicinity of FG’s orient transversely and line up longitudinally with re-
the energy band edge. Such a regime, however, is our majepect to the narrow constriction. As is shown in Fig. 1,
focus in this work. It is because the coherent inelastic scatpumping potential can be generated by ac biasing the FGA
tering becomes resonant when the traversing electron cagmairs with the same frequency but maintaining a phase dif-
make transitions to its subband threshold by emittingference¢ between them. Since the wave of electrostatic po-
mA().222% Depending on the system configuration, this andtential induced in the narrow channel is directly from the
another resonant inelastic scatterings will be shown to domiFG'’s, rather than via the SAW, our proposed structure has the
nate the pumping characteristits. obvious advantage that the working frequency is not re-
A recent experimental confirmation of AQP has been re-stricted to the frequency of the SAWg=2mvg/d. Herevgis
ported by Switkeset al* Two metal gates that defined the the phase velocity of the SAW, ands the pitch in the FGA.
shape of an open quantum dot were ac bi&seith voltages  Furthermore, when the working frequency is different from
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V, cos Q¢ ing to subband energies,=(2n+1)w,. The time-dependent
part of the HamiltoniarH,(t) is of the dimensionless form
H,(t)=-d*/ 9x>+V(x,t). Here appropriate units have been
used such that all physical quantities presented are in dimen-
sionless forn?*

In the QCP regime, the chemical potentjalis the same

2DEG 2DEG . .
in all reservoirs. Thus the pumped current, at zero tempera-
ture, can be expressed'&s
2e [
- d k= l=- " dE[T_(E)-T_(E)]. €©)]
0

V, cos(Qt + @)
Here the total current transmission coefficients include the
FIG. 1. (Color onling Top view of the proposed system struc- contributions by electrons with incident energyin incident
ture for the case of Eair numbBl=4. A FGA pair is located on top  sybbandh, which may absorb or eminQ) to energyE,,=E
of a narrow channelV; denotes the amplitude of the potential en- +m() by the FG pumping potentials, given by

ergy, andg is the phase difference. Nel =

T B =2 X To o )(EnE), (4)

ws, the contribution from SAW to the pumped current will be oy —

negligible. .

Below we shall show how the ac biased FGA pair plays avhere/Ns stands for the number of occupied subbands. The
subtle role in the generation of QCP. In Sec. I, we presenfummations are over all the propagating components of the
our theoretical model for the FGA pair calculation of the transmitted electrons, and includes both the subband index
pumped current generated by the FGA pair configuration. I2nd the sideband index. The subscripted arrow in the total
Sec. IIl, we present the pumping characteristics and demorfzurrent transmission coefficient indicates the incident direc-
strate that resonant coherent inelastic scatterings are the uffn- These coefficients are calculated numerically by a time-
derlying pumping mechanisms. Finally, in Sec. IV, we dependent scattering-matrix methd
present our discussion and summary.

Il. FGA PAIR MODEL IIl. NUMERICAL RESULTS
The potentiaV(x,t) in a narrow constriction induced by a In this section we present the numerical results for the
FGA pair is represented by pumping characteristics of either a single FG fBi=1) or a
N finite FGA pair(N>2). In these two cases the pumping char-
V(x,t) = 3 Vyi(X)cogQt) + Vi ()cosQt + 4), (1) acteristics are due to different resonant inelastic scattering
i1 processes. For definiteness, the parameter values in our nu-

] , merical results are taken from the FaAs®B§ _,As based
whereN is the number of FG's per FGA. We assume that theneterostructure. The values that we choose for our configu-

ac biased FGA pair are localized, respectively, at posiiQns yation parameters are,=0.007, subband level spacing:
and x;+ dx;, namgly, that \./1i(x):V15(xfxi) and Vy(x) =20,(=0.13 meV}, d=40(=0.32um), and V0=0.04
=V,8(x—x;— &) with a relative phase differenceé. These (=28.7 meV A. From the value ofV,, and the assumed

FG's are evenly spaced, with a pitch and are located at FG width ~0.05um, the amplitude of the potential in-
x;=(i—1)d for one FGA andx; + &x for the other. The relative yced by a FG i$-0.057 mV.

shift between the FGA pair isx=«a d, where the fractional

shift 0<«<1. In the following, we consider the case of the
same modulation amplitude;=V,=V,. Depending on the A. Single FG pair case
choice of the values fop and «, V(x,t) will either be pre-

dominantly of a propagating or a standing wave type. A SeNigiics for the case of a single FG pair. Figure 2 presents the

sible choice can be made from considering the lowest ordejenendence of the total current transmission coefficients on
Fourier component o(x, ), given by the incident electron energy. We replace the chemical po-
2V tential u by
0
V= T{cos Kx cosQt + cogK(x — &%) JcogQt + @)},

In this subsection we investigate the pumping character-

no 1
@) % ae T2 ®
whereK=27/d. For our purposes in this work, an optimal which integral value corresponds to the number of propagat-
choice is¢p=m/2 anda=1/4, inwhich V(x,t) is a predomi- ing subbandsVs in the narrow channel. The pumping fre-
nant left-going wave. quency is higher in Fig. @), with Q=0.6Ae(Q/27
The Hamiltonian of the system I$=H,+H,(t), in which =18 GH32, than that in Fig. &), where 0=0.1Ae(Q}/27
Hy=—a2/ay2+w§y2 contains a transverse confinement, lead-=3 GH2z). We select the phase shift==/2 anda=1/4.
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3.0 FIG. 3. The pumped currents vers¥g with the same param-
[ eters used in Fig. 2. The solid and dashed curves correspond, re-
= 2.5 spectively, toQ2=0.6As and=0.1Ae.
S 20
A - Q
‘g 15 X = N+ i (6)
7 I
§ 1.0 reassuring us that the pumping is dominated by the afore-
‘g [ mentioned resonant inelastic process.
0.5 [ Besides the trend that the pumped current in Fig. 3 drops
0.0 with the pumping frequency, we would like to remark on a
' L : . : . . more interesting result: that both the adiabatic and nonadia-
1 2 3 4 batic behaviors can be found in the same curve. Since the
adiabatic condition is given by.>(), the curve for(Q)
Xu =0.1A¢ in the regionsN+Q/Ae <X,<N+1 corresponds

to the adiabatic regimes, while the oth€yregions are nona-
FIG. 2. Total current transmission coefficient vers(sfor a  diabatic regimes. This is checked also with our other calcu-
pair of FG; (a) 1=0.6A¢ and (b) 1=0.1As. The transmission of |ation, which is not shown here, using the Brouwer
the right-going(left-going) electrons are r_epresented by the solid expressiorf. For the higher pumping frequencf)=0.6A¢,
(dotteg curve. The subband level spacing ds:. Parametersy  the gdjabatic condition is not satisfied in the enkeregion,
=1/4 and¢=m/2 are chosen to meet the optimal condition. even though the pumping characteristics resemble that of the
adiabatic one in the region§+Q/As <X, <Ns+1.

At integral values ofX,, the total current transmission B. Finite FGA case
coefficientsT_, (_,(X,) exhibit abrupt changes. This is due

to the changes in the numb_er of propagating subbands in t%mpmg characteristics of finite FGA pair. QCP for two
narrow channel. Between integral, values,T_, () both 5 ominent modes of tuning the system are considered. These
show dlp structures. The dlp structures are Iocateé(dq,t are (|) tuning of the electron density by ﬂt[ack_gatetech_
=Ns+0.6 in Fig. 2a), and atXy,=Ns+0.1 in Fig. 2b).  nique, andii) tuning of the channel width bgplit-gatetech-
These dip structure locations are the same for Gothand  nique.
T_, and are resonant structures associated with inelastic scat-
tering that causes an electron to jump into a quasibound state 1. Tuning back-gate
(QBS) just beneath a subband bottdfiThe peak structures g present the numerical results for the pumping charac-
in T_ of Fig. Zb), and atX,=Ns+0.2, are Z) resonant teristics of a FGA pair withN=4 that is realized by the
structures. back-gate techniqueThe dependence of the total current
In Fig. 2, we can see thaf_(X,) does not equal to {ransmission coefficients ¥, is shown in Fig. 4, in which
T_(X,), this allows the occurrence of the pumped currentthe pumping frequencies arga) Q=0.6A¢ and (b) Q
Moreover, between integra{, values,T_>T_, on the left =0.1Ae. The choice of the parameteds ¢, and « is the
region of a dip structure, whil&_ <T_, on the right region same as in the previous subsection, but the latter two param-
of the dip structure. This has an important bearing on theeters give rise here to an equivalent left-going wave in the
dependence of the pumped currentonas is shown in Fig. pumping potential/(x,t).
3. The pumped current rises, and drops, on the left, and right, The curves in Fig. 4 show additional structures, other than
region of aXg,, respectively, in accordance with the relative the dip structures that has been discussed in the last subsec-
changes inT_, and T._ about the sam&;,. Hence the peaks tion. These additional structures are valley structures that
of the pumped current depend on the pumping frequency, atccur at differenX,, values forT_(X,) andT_. In a region

In this subsection we present the numerical results for the
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between two integral values of,, the valley structure of
T_(X,) occurs at a loweK,. This shows clearly the break-

ing of the transmission symmetry by the pumping potential.

Furthermore, the valleys are separated;, =()/Ae. This
can be understood from resonant coupling conditieps
=gk~ and gk =¢g—(Q for, respectively, the right-going
and the left-goingk. From these conditions, the valley loca-

tions are at
K Q)\l?
ki:[z(“fz)} ’ )

where the upper sign is for positive, or right-goitkg,These
locations, expressed in terms Xf,, are given by

2
X,U,ZNS-‘-%i (8)

and are aX,=1.19, 1.79, 2.19, 2.79, 3.19, and 3.79 for the
case of F|g ¢, andX,=1.39, 1.49, 2.39, 2.49, 3.39, and
3.49 for the case of Flg (8). The matching between these

PHYSICAL REVIEW B0, 085315(2004)
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FIG. 5. Pumped current versu§,. The choices of parameters
are the same as in Fig. 4. The solid and dashed curves correspond,
respectively, ta)=0.6As and=0.1Ae.

numbers and our numerical results in Fig. 4 is remarkable. liflependent Bragg'’s reflection is the dominant resonant inelas-

addition, energy gaps open up at th&docations, causing

tic scattering in our FGA pair structure.

the drop in the transmission and the formation of the valley On the other hand, the adiabatic condition is here given

structured? All these results reassure us that the time-
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FIG. 4. Total current transmission coefficient versgsfor N
=4; (a) 1=0.6A¢ and(b) (1=0.1A¢. The transmission of the right-
going (left-going) electrons are represented by the sdlitbtted
curve. The parametews=1/4 and¢p=1m/2.

08531

by eq4ap> (), Where ey, is the effectiveenergy gap of the
instantaneousHamiltonian? Since £gap IS given by the
widths of the valley structures, therefore contributions of the
valleys to the pumped current is nonadiabatic in Fi)4
because the valleys are well separated, and adiabatic in Fig.
4(b), because the valleys overlap.

In Fig. 5, we present th&,, dependence of the pumped
current for the cases in Fig. 4. The pumped current peaks at
X, that lies in the middle between a valleyTn,(X,,) and the
corresponding valley if._(X,). The locations are around

K? 0?2
Xu=Nst s (1+K> ®)
which depend on both the pitechand the pumping frequency
Q). The peaks have flat tops for the solid curve, when
=0.6Ae. Comparing with the total current transmission
curves in Fig. 4a), we see that the flat-topped peak profile is
associated with the complete separation between the valleys
in T_, andT_. This is in the nonadiabatic regime. In con-
trast, for the case when the valleys overlap, such as in Fig.
4(b), the pumped current peaks no longer carry a flat-top
profile, as is shown by the dashed curve in Fig. 5. This is in
the adiabatic regime. Meanwhile, their peak values are low-
ered. It is because cancellation sets in when the valleys over-
lap. We note that the pumped currents are of order nA.

The robustness of the time-dependent Bragg reflection, on
the other hand, is demonstrated most convincingly by the
number of charge pumped per cycle at the maximyg of
the pumped current. In the dashed curve of Fig. 5, the
pumped charge per cycle per spin stat®p
=27/ Q)lyax/ 26=0.495, where l=0.48 NA and Q
=0.1A¢=3.03 GHz. To get a unity, or quantized, charge
pumped per cycle per spin state, one can fix the pumping
frequency)=0.1A¢, N=4, ¢=x/2, andd=40, then tune the

5-4
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3.0 rent. The transverse confinement is depicted by
25 1
o
Xg=—+ 2, 10
9 Ae 2 (10

2.0

which is linearly related to the effective channel width, and
that its integral value corresponds to the number of propa-
gating subbands in the channel. In this mode of tuning the
QCP characteristicgy is kept fixed.

In Fig. 6(a), except foru, which is fixed at 0.049, and,,
0.0 which varies withX,, other parameters such &s=0.0084,
20F - ¢=ml2, anda=1/4 are thesame as in Fig.@). The solid

Ty (dashegl curve is forT_, (T_). Both the QBS and the time-

dependent Bragg reflection features are found. The expected
locations of the QBS, given by the expression

1.5

1.0

Transmission

0.5

1.5

e
. 1 1
2 1o xg:_+(n+-) E_ (12)
0.5 are at 1.1, 2.3, and 3.5, and they match the QBS locations in
Fig. 6@ perfectly. Heren is the subband index. The ex-
0.0 pected locations of the valleys, associated with the time-
dependent Bragg reflection, are given by the expression
1 1
xg:—+<n+—> £, (12
FIG. 6. The dependence on subband level spasingf (a) the 2 2/ u=k

total current transmission coefficient, att) the pumped current. 4, o they should be at,=1.03,2.1,3.14 fofl _(X,), and at
The abscissa is depicted by Ed.0) where ©=0.049 andN=4. _ O N A e
Pumping frequency)=0.0084 in all curves except for the dotted I)é%aéblfs’%fﬁg%;;lﬁ;?&éggam’ they match the valley
curve in(b), where)=0.0014. Parameteis=m/2 anda=1/4 for . ) A ’ .

all curves except for the dashed curve(lm, wherea=1/5. In(a), Besides, there are in Fig(# two additional valley struc-

the solid(dashedl curve is forT_ (Xy)[T_(Xy)], and contributions tures, indicated by arrows, at Wh'dhﬂ(xg) andTH(Xg) f"f‘"

from the second Fourier component Wfx,t) are indicated by ~©ON€ on top of the other. These structures do nqt contribute to
arrows. the pumped current, and they are due to the time-dependent

Bragg reflection from the second order Fourier component of

other pumping parameteng,=0.09 anda=0.15 to obtain V(x,1). The secon(_j Fourier component ulx,1) is in the
Qp=0.992 atX,=3.465(not shown herg In this frequency form of a standing wave, given by d@x)[cosOt
regime, the pumping would be expected to be adiabatic, actSin t]. That both of the additional valleys all appear in
cording to Thoulessand Ni? when eg,> Q. However, in  1-(Xg) and T_(Xy) can be understood from the fact that
our case here, the energy gap is at best only partially openefilore resonant coupling conditions come Into pIay. for the
as we can see from the nonzero transmission in Fig), 4 case of standing wave. The resonant coupling conditions are
because we have onlf=4 FG pairs. Thus our result shows k=€), and eg=eyo + (2. As such, the valley loca-
that the condition of occurrence of the AQP is less stringentions are given by the expression
than we would have expected originallin other words, the 1{
1+

pumping effect of our FGA configuration is robust. Xg=73 K
It is also worth pointing out that the pumped currents are 2 M s
positive in Fig. 5, showing that the net number flux of thefor n=0, and fore,=[K(1¥ Q/(2K)) 2 Accordingly, these
pumped electrons is from right to left. This is consistent withok time-dependent Bragg reflection valley locations are ex-
the propagation direction of the electrostatic wave inpected to be at 1.36 and 1.73, which coincide with the two
V(x,1).10 additional valleys in Fig. &), and are indicated by arrows.
We note, in passing, that contributions from higher Fourier
components diminish, as is seen by comparing the valleys
Thus far, we have explored the dependence of the FGArom the first and the second Fourier component¥(©f,t).
pair's QCP characteristics oX, by the use of thdack-gate The Xy dependence of the pumped current for the case in
technique Another way of tuning the QCP characteristics is Fig. §@) is represented by the solid curve in Fighp The
via the modulation of the channel widilor subband level peaks have flat tops because the valleys in the corresponding
spacingAe). This can be realized experimentally by the useT_(Xy), T_(X,) are well separated. The pumped current for
of the so-calledsplit-gate techniqueHence we present, in =0.0014, the same frequency as in the case of Klp, &
Fig. 6, the transverse confinement dependence of both thdepicted by the dotted curve in Fig(®. The peaks are not
total current transmission coefficients and the pumped curflat-topped and the magnitudes are much smaller because the

(13

2. Tuning split-gate
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transmission valleys overlap. For comparison, we alsdeft-going waves are 0.22 and 1.4. This shows thais still
present the case when parameter values differ slightly frondominated by the left-going wave and thus explains the tiny
that of the optimal choice. As is shown by the dashed curvenodifications to the pumped current peaksXgt1.1, and
in Fig. 6b), where all parameters are the same as for th&.3. But for ), the coefficients for, respectively, the right-
solid curve except thate is changed from 1/4 to 1/5, the going and the left-going waves are -0.95 and 1.57. This
basic pumped current peaks in the solid curve remain intacshows that)’, deviates quite significantly from that of a
This demonstrates the robustness of the QCP against the daanding wave, and so explains that the additional peaks
viation in values of the configuration parameters from thefrom the XK Bragg reflections are quite large.
optimal choice.

Interestingly, there are two additional features in the IV. DISCUSSION AND SUMMARY
dashed curve of Fig.(B): namely, an additional pumped

current peak aKy=1.5, and an increase in the peak value for . . S ;
the pumped current nea;=3.5. That both of these features FGA pair configuration is different, in three a_spects, from the
Yoltage lead pattern proposed earlier by Riirst of all, the

are found to arise from the second Fourier component o d : . X .
V(x.1) is supported by the outcome of our analysis per_'pumplng mechanisms to which the configurations are cater-

formed upon the Fourier component'éfx, t). This method ing to are different. It is the mechanism of translating the

f vsis has thus far b ful | idi . Wannier functions in a given Bloch band in Ref. 2, while it is
oF analysis has thus Tar been SUCCESSIUT In providing Us Ng, e echanism of the time-dependent Bragg reflection in this

sights on the pumping characteristics presented in this Worl§/vork. The former mechanism is adiabatic by nature but the
Them-th Fourier component of(x,t), apart from a constant

S latter mechanism is shown, in this work, to hold in both the
factor, is given by the form adiabatic and non-adiabatic regimes.

It is interesting to note in passing that our proposal of the

V.= {[cogmma) - sinfmma)]cogmKx - Qt — /4] Second, the configurations are different in the number of
" ) sets of voltage leads invoked. A third set of voltage leads was
+[cogmma) + sin(mma) Jco§mKX + Qt + 7/4]}, instituted by Niu to fix the Fermi energy at the middle of the

(14) instantaneous energy gap order to maintain the adiabatic-

) ) ity of the pumping. Since our interest here is on the general
wherex’ =x-x/2. Vy, consists, in general, of waves propa- pumping characteristics, including, in particular, their depen-
gating in both left and right directions. But wherr1/4, as  dence on the Fermi energy, it suffices us to consider a sim-
we have discussed befor®; becomes a pure left-going pler configuration—the FGA pair configuration. Third, the
wave andV, becomes a pure standing wave. The case of nymper of voltage lead expected, and needed, in a voltage
=1/5,however, have botly; and), consisting of waves in  |ead set is different. Our results demonstrate the resonant
opposite propagation directions. Therefore, in contrast witthatyre of the time-dependent Bragg reflection, and that the
the a=1/4 I‘qu|t, additional contributions from theK2 pump|ng characteristic is robust_requiring 0n|y a FGA pair
Bragg reflection are expected for the casel/5. This ad-  jth smallN. Hence the FGA pair configuration proposed in
ditional contribution should peak at the mid-point betweenthis work should be more accessible experimentally.

two transmission valleys for thek2Bragg reflections, and  |n conclusion, we have proposed a finger-gate array pair
the expression foK is given by configuration for the generation of quantum charge pumping.
1 Detail pumping characteristics have been analyzed, the ro-

Xg==+ ( + —) ad , (15) bustness of the time-dependent Bragg reflection in QCP has
2) p— ey been demonstrated, and the pumping mechanism is under-

wheree, =K2+(Q/2K)2. For the case of the dashed curve in St09-

Fig. 6b), the values ofX; = 1.54 and 3.6 are shown to
match the locations of the additional features nicely. Finally,
we can extract information of the sensitivity of the pumped This work was funded by the National Science Council of
current characteristics ta by looking at the coefficients of Taiwan under Grant Nos. NSC92-2112-M-009-035, NSC92-
the left-going and right-going waves W,,. For «=1/5, the = 2120-M-009-010 (CSO, and NSC91-2119-M-007-004
coefficients of); for, respectively, the right-going and the (NCTS).
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