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Limiting current density in a crossed-field nanogap
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Using a mean-field theory, we have studied the quantum extension on the limiting current density in a
crossed-field nanogap. When the gap spacing is less than the electron wavelength, our results show that the
limiting current density is increased by a large factor from the classical values due to the effects of electron
tunneling. The effects of the external magnetic field diminish with a decrease of gap spacing. Smooth transition
from the classical regime to the quantum regime is demonstrated.
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The advent fields of nanoscience offer exciting capabili-Poisson equation
ties in electronic, magnetic, mechanical, and biological sys-
tems[1]. Nanotechnology has shown great promise in flat d?v  eyy*

panel displays[2,3], miniature coherent radiation sources e e 2
[4], and nanodevicg$]. Miniature structures, such as nano- °

tubes[5], nanogapg6,7], and nanowire$8] ranging from - .

sub-10 nm to 100s nm are readily fabricaiédl In the nano and charge conservation relation

scale, quantum effects will become important in the dynam- iefi [ dy* dys

ics of beam-gap interaction. One important quantity that :%< ax *& , 3

characterizes the beam-gap interaction is the limiting current

that can be transmitted across a gap. The limiting current . :
which in the classical limit is known as the Child-Langmuir I the gap region &x<D. Here,  is the electron complex

current[10] arises when the space charge in the gap creates Ve function,V'is the mean space-charge fieliljs the

: ; L constant electron emission current density, &yl eB/m is
potentla! barrier that' prohibits steady-state beam ProPagaye electron cyclotron frequency. Note th);t in deriving Eq
tion. Using a mean-field theory, Laet al. [11] has shown ) '

than this classical limiting current value may be increased b c? ’Ieweazgvfhgr?r'ltttr?gsgzerﬁgnﬁgirargg%gmhgfet);celu;'g;g:g

a large factor due to the effect of electron tunneling. In thisTL3 ' If tic field i ? . din the deel I.

paper, we extend Refl1] to include the effect of an exter- 1€ Seli-magnetic Tield IS also ignored In the deeply nonrel-

nal magnetic-fieldB, parallel to the diode surfaces. This ex- ativistic regime treated he.re. .

tension is of fundamental interest because the magnetic fields 7" convenience, we introduce the normalized param-

have widely been used to control the electron flows acros@ters:2 x=x/D, J=JJp, e=EleVp, V=eV/E, n

the gap. Note that the limiting current calculated here is in-=|#1/Nb. ¢g=€V,/E is the normalized gap voltage,

dependent of the emission mechanigit#] of the electrons. B/By=[(B/Bp)/Ve(1+ ¢¢)] is the magnetic field in units
In the classical regime, an electron emitted from cathod®f Hull cutoff value By=Bpe(1+ ¢4). The normalized

is prohibited from reaching the anode when the magnetiscales are the current scalg= e,f%4en?D%, the voltage

field is larger than the Hull cutoff magnetic fie[d3] B,  scaleVp=7%%/2emD?, the density scalep= €,%%/2e’mD*,

= \/2mVQIeD2+ (mueD)?, whereV is the dc gap voltage, and the magnetic-field scall, =7%/eD?. Note that they only

D is the gap spacing, andis the electron initial velocity. In depend on the gap spaciig[14].

this paper, we examine the quantum extension of the limiting For a given gap spacing, \Je measures the ratio of gap

current in a crossed-field gap when its gap spadnig of  spacingD to the electron wavelength, and e>1 is the

order the electron wavelength, or less. classical limit. By using the normalized parameters, Egs.
Consider the electrons with ener@ybeing emitted from  (1)—(3) are rewritten into two coupled nonlinear equations of

the cathode into a crossed-field gap with a gap spabing p(x) andV(Xx):

and with an external magnetic-fiell parallel to the elec-

trode surfaces. The anode is held at a dc voltsgewith 1d%p _ _

respect to a grounded cathode. From the mean-field theory ——= +[1+V—(1+ ¢q)(B/By)°x*—a?/p*Ip=0, (4)

[11], we solve the one-dimensional time-independent Schro X

dinger equation

and

h2 dzdj - dzv_ 2
—ﬁ@+(mﬂ x[2—eV)y=Ey, (1) — =P, (5)
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where

13
=3 (6)

is a dimensionlesperveance which is proportional to the
current densityd. In deriving Egs.(5) and (6), we have as-
sumed that_the co_mplex wave fun&tion is of fo@
=y(npe)p(x)exdiax)], where p(x) and 6(x)

=a\/zf’1‘dY/p2(;) are, respectively, the normalized real

functions of the wave amplitude and phase, @)=k is 10° . . T )
the phase ax=1 (see below B 0.0 0.1 1 10 100
To obtain the boundary conditions fp(x), we match the €

wave-functiony at the anodex=1) to a transmitted plane  FIG. 1. The normalized limiting current, as a function of for
wave C exp(kx), wherek=e(1+ ¢4) and |C|?=npJ/2k  various¢, andB/By . Here, ¢,=1, 10, and 10Qbottom to top,
[from Eg.(3)]. The boundary conditions for Eqgl) and(5)  B/By=0 (solid lineg, 0.7 (dashed lines and 0.9(dotted lines.
become

p(1)= \/;/(1+¢g)1/4' (78 the transition from the classical regime to the quantum re-
gime depends explicitly or¢y=Vy/Vp, which measures

p'(1)=0, (70) the ratio of the applied gap voltagé, to the voltage scale

— Vp . If we plot o as a function ok ¢, the transition occurs

V(0)=0, 79 a aboutegy=10 to 50 for ¢4=10 to 100 and allB/By,
_ <1.In the limit of e<1, a scales ag 1, and is indepen-
V(1)=¢q, (7d) dent ofB/By, for a fixed ¢, . The last statement implies that

) o _ —  the magnetic field can be ignored at very small gap spacing
where the prime denotes the derivative with respeck.to \yhere the electron tunneling is dominant over the effect of
With the boundary conditions, we determine the limiting cur-magnetic field'see Fig. 2 beloy This can also be seen from

rent density through the critical value af defined asrq, SO the dependence of in the magnetic-field term shown in Eq.
that for a> a4, solutions to Eqs(4) and(5) no longer exist. (1)

In the classical limit ate>1, we ignore the first term

- In Figs. 2 and 3, the solutions of the wave amplitlpIQE)
€ 1(d?p/dx?) in Eq. (4). Equation(5) becomeg15]

and the mean space-charge fi#l(k) at «= oy and ¢g=1

are plotted for varioug andB/By, whereB/By=0 (solid
= (8) lines) andB/By=0.9 (dashed lines In the quantum regiLne
dx? \/1+V—(1+ c;Sg)(B/BH)ZY2 at e=1, the electron tunneling effects are apparent &3/1

0 (i.e., E+eV<O0) over a wide range af, and the effect
the magnetic field is negligible as the solutions are insen-
sitive to B/By, as shown in Fig. 2. On the contrary, in

d2v o

<
which is the governing equation for calculating the classical
values of a4(=a.) as a function ofB/By(<1) and ¢,

with boundary conditionsV(0)=0 and V(1)=¢,. Note
that this classical limit ofx is independent o (see Fig. 1

below). In the limit of no magnetic field3=0, Eq.(8) gives 20+ e=1
the normalized classical Child-Langmuir curréh,11] 161
4 12
acL=g(1+vl+ bg)°. €) W]
S
Figure 1 showsy, as a function ok for various values of a 4'.
magnetic-fieldB/By and normalized gap voltage,. For a 0
given B/By and ¢4, a4 increases with small values ef 4]
(quantum regimg which clearly exceeds the classical limit ] V/E
at e>1. This finding is due to tunneling of the electrons -8+
through the potential barrier provided by the mean space- 00 02 04 06 08 10
charge field. The values af, at e>1 are independent o, x/D

and they indeed equal to the classical values calculated by

using Eq.(8). From Fig. 1, the transition from the classical ~ F|G. 2. The solutions op(x) from Eg. (4) and V(x) = (V/E)
regime to quantum regime occurs wher O(1), as ex- from Eq. (5 at @=a,, ¢y=1, ande=1 (quantum regimg for
pected(i.e., e~ 10 for ¢,=1, ande~3 for ¢4=10). Infact, B/By=0 (solid lineg and 0.9(dashed lines
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p, V/E

x/D £
FIG. 3. The solutions op(x) from Eq. (4) and V(x) = (V/E) FIG. 4. The normalized limiting current, as a function of at

from Eq. (5 at a=ay, ¢4=1, and e=10 (transition from the  ¢q=1 for variousB/By=0 to 3.
classical regime to quantum regijrfer B/B, =0 (solid lineg and

0.9 (dashed lines various values of magnetic-fieB/B,=0 to 3 at¢4=1. For

B>By, we see thaty, remains finite, and it decreases with
increase oOfe.
Fig. 3, ate=10 where the transition from the classical re- In this study, we have assumed that the alignment of the

gime to the quantum regime occufsee Fig. 1, 1+V>0  external magnetic field iperfectlyparallel to the electrode
(no electron tunneling and the effect of the magnetic field is Surfaces. The effect of the magnetic-field misalignments may
more significant. be important especially when the gap spacing is small. In the
As an example, assumB=20 nm, and we have/ classical regimé¢l6], it is found that a small misalignment of
—01 mV. Jo=061 Alcr?. Na=1.32¢102 cm-3 anDd the magnetic field can change the limiting current substan-
B.—165 T le we further,setDe=1. b1, and B/B tially for high magnetic field B>B,,), whereas the effect is
:% 9 'Fig 1 givesu,—23.7 whereas thge classical vallje i less critical for low magnetic field§<By,) [17]. Since the
N _'2’ 5 frc.>m Eq.(8) the \./a,lues ofr. ande. show that the effect of magnetic field diminishes with the decrease of gap
C_ . . . q C

; v th : spacing as shown in the quantum regime given by this paper,
maximum current density that can be transmitted across gm || misalignments of the magnetic field may bé negligible
crossed-field nanogap with a gap spacing of 20 nm and gq long aB<B,,.

magnetic-field strength of about 2.1 T is 28.9 Afcfrom
the quantum theory, and 2.68 A/énfrom the classical
theory. The difference is more than a factor of 10. For com

In summary, we have calculated the limiting current den-
sity of a crossed-field gap for a wide rangeRB, ¢,
) ‘and e ranging from the classical regime to the quantum re-
parison, aB=0, aq=29.7, anda;=6.25 (= ac,) [foMEQd.  gime . From this formulation, the limiting current represents
(9], which is about a factor of 5 lower. the maximum transmitted current that can reach the anode

_Inthe quantum regime, the gap is no longer magnetically,jenendent of the nature of the emission process at the
insulated aB>By, as itis in the classical reginj@3]. Due  5ihode.

to the quantum effects, there is finite probability that the
electrons will tunnel through the potential barrier to arrive at

the anode. In Fig. 4, we show, as a function ofe for This work was supported by U.S. Department of Energy.
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