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Electron tunneling time measurement by field-emission microscopy
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Electron-tunneling time has been measured using field-emission microscopy~FEM!. The analysis of the
FEM images of the dopant samarium ions located inside the calcium fluoride coating onto the silicon nanotip
gives the value of the perpendicular momentum distribution of emitted electrons. This distribution is a natural
measure of the tunneling time: the more time an electron spends under the barrier, the narrower such a
distribution is~Larmor clock experiment!. For the barrier height of 1.7 eV and electric-field strength ranging
from 0.55 to 0.7 V/nm, the tunneling time ranges from 6 to 8 fs.

DOI: 10.1103/PhysRevB.64.233311 PACS number~s!: 73.40.Gk, 03.65.Xp, 79.70.1q
el

nt
o
-

icl
-
rie
rs
th

i
e
on
th
e

m
n
a

o
a
n

f
th
c
lly
t

es

ct
m
he

th
ll

a

tal
ex-
s.

nly

e-

ent
of

re-
gin-

s-
The problem of tunneling time is one of the oldest, w
known, and controversial in quantum mechanics.1–3 Prob-
ably the best approach for the experimental measureme
tunneling time was formulated long ago by Rybachenk4

who modified the idea of Baz’5 of how to measure the col
lision time. He proposed to use some additional degree
freedom, changing during the tunneling, to track the part
motion under the barrier~Larmor clock experiment; spin pre
cession due to the magnetic field acting only in the bar
region was considered!. Comparing the values of paramete
characterizing this degree of freedom before and after
tunneling, one can directly measure the tunneling time~see
Fig. 1!.

Such an experiment was never performed~although
somewhat similar experiments of tunneling of electrons
heterostructures in the presence of magnetic field w
reported6,7!. Moreover, it was shown that Larmor precessi
is not the main source of the apparent spin rotation for
and other approaches, and the results of such experim
would be difficult to interpret.8–10 Thus ‘‘Larmor clocks’’
should be invented to measure the electron-tunneling ti
Recently it was indicated that, due to the three-dimensio
character of the tunneling during the field ionization of
particle in the uniform electric field, the perpendicular m
mentum distribution of the tunneling particle can be used
such a clock.11 Here we report the experimental realizatio
of such a possibility.

An idea of the method is illustrated in Figs. 1~c! and 2.
Let us first consider the tunneling process as taking place
an ensemble of electrons. Each of them tunnels from
spherically symmetric quantum well in a uniform radial ele
tric field F, and in the quasiclassic approximation, usua
used to discuss the tunneling, it can be characterized by
energyE and momentum components with the initial valu
of pz,0 ~in the direction of field! and p',0 ~in a transversal
direction!. When tunneling under the barrier, no force is a
ing in the transversal direction, and thus the transversal
mentum also does not change. But the ‘‘trajectory’’ of t
tunneling particle depends on thep',0 ~see Fig. 2!. The larger
the initial transversal momentum, the longer the distance
electron should travel under the barrier and thus the sma
will be the tunneling probability.~Here we exploit the con-
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cept of the ‘‘virtual’’ trajectory in a classically forbidden are
introduced by Kapur and Peierls12 by means of substituting
an imaginary timei t instead of real timet.! Formally this
corresponds to the suppression of the initialp',0 distribution:
after the tunneling, a much narrowerp' distribution will
appear.

This suppression is obviously related to the fundamen
characteristics of the tunneling process, and it can be
plained using the concept of the tunneling time as follow
Let us now consider the tunneling as taking place with o
one particle characterized~in a momentum space! by the
wave functionc(pz ,p') of two independent parameters. B
cause the electric field has only az component, the tunneling
process is defined only by the normal momentum compon
pz , while p' could be treated as an independent degree
freedom. The average value ofp' , however, evolves during

FIG. 1. The idea of the Larmor clock tunneling time measu
ment. One should invent a clock that starts to measure at the be
ning of the barrier crossing and finishes at the end~a!. Particle spin
vector s rotation in the perpendicular magnetic fieldB, superim-
posed in the barrier region~b!, or transversal momentum suppre
sion ~c! can be used as such a clock.
©2001 The American Physical Society11-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 233311
the tunneling~and stops evolving after it!, which enables to
measure the tunneling time as a ‘‘stop watch,’’ or Larm
clock. The proportionality coefficient between the tunneli
time T and the measured transversal momentum spr
should be found from the full quantum-mechanical treatm
of the problem. Such a treatment was given using the e
quantum-mechanical Green function11 available for the
Schroedinger equation describing the quantum well rep
sented by the contact Fermi potential~pseudopotential!
2Vd(r )(]/]r ) placed in a uniform electric field.13,14 It also
has been discussed that such a model satisfactorily desc
a real field-emission experiment.11,13–15 The corresponding
result reads

T5
\m

2^p'
2 &

5
\

4E'

, ~1!

wherem is an electron mass and\ is the Planck constant
E'5p'

2 /2m.
In the experiments described we measured the transv

momentum spread of the tunneling electrons using the fi
emission/ion microscope shown schematically in Fig.
From the consideration of the classical equations of mo
of an emitted electron in the electric field of a projecti
microscope, it is known that when the emitted electron p
sesses the kinetic energyE' in the transversal direction~see
Fig. 2!, in the detector plane its image will be shifted to t
distance ofl 52LAE' /eU from the symmetry axis.16 In par-
ticular, this defines the spatial resolution of the field-emiss
microscope: a pointlike object on the tip surface that em
electrons with the mean kinetic transversal energy ofE' will

FIG. 2. The laser photoelectron projection microscope~out of
the scale; two electron trajectories corresponding to the diffe
transversal momentap' values are shown!. Sharp tips are installed
inside the UHV chamber and high-resolution field-emission ima
of these tips formed when the potentialU ranging from 0 to 4 kV
was applied were detected using the microchannel pl
fluorescence screen assembly placed at a distance ofL510 cm from
the tip. The optical image formed at the exit of the assembly w
picked up by a television camera operated in conjunction wit
Model Argus-50 image processing computer system~Hamamatsu
Photonics K. K., Japan!. The same experimental setup has be
used by us earlier to vizualize single color centers on the LiF2

crystal tip surface~Ref. 17! and as a first femtosecond superreso
tion projection photoelectron microscope. The dotted line indica
the edge of the barrier~the beginning of the classically accessib
area!; the difference of the lengths of the particle trajectories un
the barrier is clarified in the inset.
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be seen on the detector plane as corresponding to the
with the diameterd on the tip surface:

d54rgAE' /eU. ~2!

Here r is the radius of the curvature of the tip andg is a
numerical coefficient ranging from 1.5 to 2 and appear
because of the difference between the geometry of a
FEM and an ideal case of a spherical capacitor. The sa
coefficient appears in the formula describing the magnifi
tion M of the FEM:16

M5L/gr , ~3!

and for our microscope it was calibrated using the samp
with the well-defined structure~observation of tungsten tip
with one-atom resolution, etc.! as equal tog51.5.17

Thus, measuring with the help of the field-emission m
croscope the transversal momentum spread of the elect
emitted by an isolated center of the tip, one can measure
electron-tunneling time related with the field ionization
this center. It should be noted, however, that usual fie
emission experiments performed with metal or semicond
tor tips do not deal with the single isolated centers to be fi
ionized. Instead of this, these experiments are describe
the local variations of the work function due to the presen
of different crystallographical planes or impurities on the
surface, and the spatial resolution of the FEM is governed
the statistical distribution of the electron-gas energies ins
the metal.16

We proposed that ultrasharp silicon tips~radius of a cur-
vature 10–20 nm! coated with 50–100-nm thick CaF2:Sm21

layers could be used as such necessary field-emis
sources, for which tunneling current will be due to the fie
ionization of single isolated bivalent samarium dopant io
High-conductivityn-type silicon tips were fabricated in th
Institute of Crystallography Russian Academy of Scienc
Moscow, using a vapor-liquid-solid growth technique wi
the subsequent sharpening procedure.18 CaF2 coatings were
grown on Si tips by a molecular-beam epitaxy technique
the A. F. Ioffe Institute of Physics and Technology Russ
Academy of Sciences, Sanct-Petersburg; CaF2 containing sa-
marium in a necessary concentration had been evapor
from a Knudsen cell.19

These samples were selected by us for the tunneling t
measurements for the following two reasons:

~i! The ionization thresholdI for the bivalent samarium
ions in a calcium fluoride matrix is known to be small. E
periments devoted to the internal20 and external21 photoelec-
tric effect for CaF2:Sm21 crystals give the valueI 51.7 eV,
which is much smaller than the work function characterizi
the tip itself—silicon and calcium fluoride. Thus one ca
hope that the field ionization of the dopant ions will b
achieved at lower fields and can be distinguished against
field emission from the matrix.

This was confirmed in the first series of experiments p
formed with the silicon tips coated by the rather thin~a few
nanometers thick! CaF2:Sm21 layers: at low tip potentials it
was shown that the field emission observed is due to
resonant tunneling process via the dopant samarium ion22

Similar conclusions have been made in Ref. 23 where an
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BRIEF REPORTS PHYSICAL REVIEW B 64 233311
gous ultrasharp silicon nanotips coated by thin surface ox
layers were studied. The measurements of the emitted e
tron energy showed that all emitted electrons are due to
surface oxide and/or interface states while the direct em
sion coming from the silicon conduction band cannot
observed.

~ii ! An observation of the field ionization of the dopa
samarium ions should be facilitated by the extremely h
transparency of the calcium fluoride matrix for low-ener
electrons~the photoelectron escape depth of 260 nm w
reported24! and an atomic perfection of the Si/CaF2

FIG. 3. Field-emission image of the Si/CaF2:Sm21 tip. Radius
of the curvature of the tipr 570 nm ~SEM data!, CaF2:Sm21 coat-
ing thickness—50 nm, and Sm21 dopant ions concentration—0.0
mol %. Tip potentialU51.9 kV. The full diameter of the image i
equal to 35 nm.
23331
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interface.19,25These circumstances could be important to e
sure the efficient recombination of the field-ionized dopa
ions due to the passage of electrons from the silicon cond
tive core.

A typical field-emission image of one of th
Si/CaF2:Sm21 tips is presented in Fig. 3, where two doubl
ring structures~each composed from a central spot and
ring! are clearly seen. These structures could be observe
a rather narrow range of the voltage applied~in a low-current
regime, from;1.8 to ;2.5 kV!: the emission current wa
unmeasurable at lower potentials, while at higher potent
it was not possible to discern similar structures against
tense quasiuniform background due to the field emiss
from the silicone core or/and CaF2 valence zone. Similar
double-ring structures were also never observed for the c
of both pure uncoated silicon tips and Si/CaF2 tips that con-
tain no samarium dopant ions, and were attributed to the fi
ionization of dopant bivalent samarium ions; thus two diffe
ent single Sm ions are imaged in Fig. 3.~It is worthwhile to
note that the typical FEM image caused by some kind o
microprotrusion on the tip surface looks like a structurele
and rather broad spot in striking contrast with the data p
sented in Fig. 3.!

The presence of two rings was recently explained by u15

as a direct visualization of two neighboring quantum lev
of Sm21 ions in CaF2 matrices:7F0 and 7F1 characterized
by the total angular momentsJ50 andJ51, respectively.
These levels result in a bimodal distribution of the transv
sal momentum, which is imaged as a double-ring structu
In this paper we will concentrate on the central ring~image
of the spherically symmetric7F0 state of the dopant ion!, for
which an elaborate tunneling theory exists and whose w
gives us a tunneling time.

The experimental measurements ofd by processing the
images of the central rings in Fig. 3 and analogous ima
@the formula~3! and scanning electron microscopy~SEM!-
n-
d
e

FIG. 4. The dependence of the measured tu
neling time on the reciprocal electric-fiel
strength~diamonds!. The theoretical dependenc
@Eq. ~5!# is shown by the solid line.
1-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 233311
measured radius of curvature of the tip were used# give the
value d51.460.05 nm~for U51.9 kV; this is the result of
an averaging for both Sm ions seen in Fig. 3!. Expressing the
mean transversal kinetic energyE' from Eq. ~2! as a func-
tion of d ~for our caseE'50.021 eV! and substituting the
result into Eq.~1! we can write the following relation to
determine the tunneling time:

T5
\

eU S 2rg

d D 2

, ~4a!

which can be further simplified using Eq.~3! to express the
time as a function of the mean diameter of the central s
observed on the detectord,

T5
\

eU S 2L

d D 2

. ~4b!

Only the easy-to-measure experimental parameters are
tained in Eq.~4b!, which gives the tunneling time valueT
57.8 fs.

It is interesting to compare this value with the calculat
value of barrier crossing time, which can be obtained for
model used11,13,14 ~the attractive contact Fermi potential o
the heightI and the triangular barrier with the thicknesst
5I /F, whereF is the electric-field strength!:

T5
A2mI

eF
. ~5!

The electric field acting on the dopant atom for the emit
used can be calculated as follows:26 F5r 0U/k(«r 01h)(r 0
1h). Herek is a numerical coefficient describing the electr
.

c
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field of the uncoated conducting tips16 calibrated by us as
equal to 5,17 andr 0 is the radius of curvature of the condu
tive silicon ‘‘core’’ coated with the layer of calcium fluorid
with the dielectric constant«56.8 and thicknessh550 nm;
thus r 05r 2h520 nm. For the case in hand we haveF
50.854 V/nm, and substituting this value in Eq.~5! we ob-
tain the valueT57.5 fs, which is close to the experiment
data given above.

Thus, the direct measurement of the electron-tunne
time ~Larmor clock experiment! has been performed using
field-emission method. The values received in the pape
well as the dependence of themeasuredtunneling time on
the reciprocal electric-field strength~see Fig. 4! are relatively
well described by the existing tunneling theories. The sm
systematic deviation is due to the imprecise calibration of
field ~and also may be due to the difference between
free-electron mass and effective electron mass inside the
cium fluoride coating! and can be eliminated by adjusting t
field value. Nevertheless we believe that the results obta
are important for better understanding the tunneling t
problem, and hope that further refinements of the meas
ments could lead to improvements in the theory.
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