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Propagation of femtosecond optical pulses through uncoated
and metal-coated near-field fiber probes

Roland Müllera) and Christoph Lienau
Max-Born-Institut fu¨r Nichtlineare Optik und Kurzzeitspektroskopie, Max-Born-Str. 2A,
D-12489 Berlin, Germany

~Received 14 December 1999; accepted for publication 12 April 2000!

The spatiotemporal evolution of a 10-femtosecond light pulse~l5805 nm! propagating through
uncoated and metal-coated near-field fiber probes is analyzed theoretically within a two-dimensional
model fors andp polarization of the incident field. Internal reflection inside uncoated fiber probes
~cone angle of 28°! results in an efficient guiding towards the fiber tip and a diffraction-limited
spatial resolution of about 260 nm'l/3 in case ofs polarization. While the transmission through
uncoated fiber probes has negligible effects on the temporal and spectral pulse profile, strong
modifications are observed for metal-coated aperture probes. The wavelength-dependent aperture
transmission gives rise to a pronounced blueshift and spectral narrowing of the transmitted pulses.
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The combination of near-field microscopy and femtos
ond spectroscopy attracts considerable interest as it open
a new direction for studying ultrafast spatiotemporal dyna
ics of optical excitations in molecular and semiconduc
nanostructures on nanometer length scales.1,2 This gives di-
rect access to, e.g., diffusive3,4 and ballistic5 carrier transport
in semiconductors or to nonequilibrium dynamics2 in single
nanostructures. In such experiments, femtosecond temp
resolution is in general obtained by probing optical nonl
earities using pump-and-probe techniques. Subwavele
spatial resolution is achieved by transmitting femtoseco
pump and/or probe pulses through either metal-coated or
coated near-field fiber probes.

The transmission properties of such aperture probes
time-independent monochromatic light fields have be
theoretically studied in great detail over recent years.6 A
number of theoretical methods have been developed
implemented for solving the vector Maxwell equations in t
complex three-dimensional geometries that are typical
realistic near-field probes.7 Among them are the Green’s ten
sor technique,8 the multiple–multipole technique9 and finite-
difference time domain methods~FDTD!.10 For uncoated fi-
ber probes, near-field resolution down tol/4 was only found
in a special internal reflection geometry with polarizatio
resolved detection.11 For metal-coated aperture probes, t
studies show consistently the strong light localization in
near-field of the aperture as well as the pronounced wa
length, geometry, and polarization dependence of
transmission.12,13Yet, little is known about the effect of suc
probes on ultrashort light pulses.

In this letter, we present a theoretical study of the pro
gation of 10-fs light pulses through uncoated and me
coated near-field fiber probes. Pronounced spectral shifts
temporal broadening effects are predicted in the near-fiel
metal-coated aperture probes.

Our simulations are based on a two-dimensional mo
assuming a trapezoidal geometry for the fiber taper in they-z
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plane, Fig. 1~a!. At the entrance of the taper,z52 mm, the
fiber is surrounded by a thin metal film to restrict the incide
field to the taper dimension. The electric field of the incide
light pulse is polarized either along thex axis, corresponding
to s polarization with three nonzero electric and magne
field components only, viz.Ex , Hy , andHz , or along they
axis corresponding top polarization with nonzeroEy , Ez ,
and Hx components only.14 In the case ofs polarization
Maxwell’s curl equations, governing light propagation, m
be cast in the following form:

il:

FIG. 1. Spatiotemporal evolution of a 10-fs optical pulse propagat
through an uncoated near-field fiber probe. The peak intensity of the p
arrives at the taper entrance~z52 mm! at a timet536.7 fs.~a! s polariza-
tion: Normalized energy densityuÊxu2/A0

2 at t540 fs ~left! and t552 fs
~right, maximum value ofuÊxu2 at fiber exit!. The linear gray scale is pro
portional to uÊxu2/A0

2. ~b! s polarization: Cross sections through Fig. 1~a!
~right! at two differentz coordinates: at the taper exitzexit ~left! and at
zexit125 nm ~right!. ~c! and ~d! same as~a! and ~b!, respectively, but forp
polarization.
7 © 2000 American Institute of Physics
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wheree0 and m0 are the permittivity and magnetic perm
ability of free space, respectively. The optical properties
matter ~no absorption losses! are described by a rea
frequency-independent dielectric functione5e(y,z). Dis-
persion effects are neglected since the light paths in the
dia are only a few microns in length. Glass near-field fib
probes~e52.25 inside the taper! both with and without meta
coating are investigated. The metal coating is assumed t
a perfect conductor. A corresponding set of Maxwell’s eq
tions for p polarization is obtained from Eq.~1! if we make
the following changesE→H, H→2E, e0e→m0 , and m0

→e0e.
As a numerical technique, we employ a two-dimensio

FDTD code. The space grid is composed of 320~in y!3640
~in z! or 1603320 cells with space incremen
Dy5Dz512.5 nm~glass tip! or Dy5Dz56.25 nm~metal-
coated tip!. The time increments are about 0.030 fs or 0.0
fs, respectively.

We consider a 10-fs Gaussian input pulse of plane-w
structure in thex-y plane that propagates along thez direc-
tion, Ex, in(t,z) ~s polarization!. The pulse spectrum is cen
tered at a vacuum wavelengthl05805 nm. In front of the
taper, z,2 mm, Ex, in5Êx, in1Êx, in* with Êx, in5A0 exp
(22 ln 2$@(t2t0)2z/c#/t0%

21ick0@(t2t0)2z/c#). A0 is one
half of the field amplitude,t0510 fs andk052p/l0 . At t
5t0530 fs the peak intensity of the pulse is centered atz50.
Êx, in* denotes the complex conjugate ofÊx, in . Corresponding
expressions hold forHy, in , while Hz, in50. The instantaneou
electric energy density of the input pulse at space–time (z,t)
is given bye0Ex, in

2 , including a high-frequency modulatio
factor cos2$ck0@(t2t0)2z/c#%. The corresponding envelop
for the electric energy density is described by 4e0uÊx, inu2.
The maximum value ofuÊx, inu2 is given byA0

2. The electric
field Ex(t,y,z)5Êx1Êx* in the presence of dielectrica fo
lows from Eq.~1! which, as a linear system with real coe
ficients, transformsÊx, in in Êx . For p polarization, the input
pulse fieldsEy, in , Hx, in have the same (z,t) dependence a
the respectives-polarized fields (Ex, in ,Hy, in), while Ez, in50.

Figure 1~a! shows the spatial distribution ofuÊxu2 ~s po-
larization! in the y-z plane at timest540 fs andt552 fs
~maximum value ofuÊxu2 at fiber exit! for an uncoated probe
with a cone angle ofa528°. The maximum value ofuÊx, inu2

of the incident pulse arrives att536.7 fs at the entrance o
the fiber tip ~z52 mm!. Internal reflection inside the tape
results in an efficient guiding towards the fiber tip. Cro
sections through Fig. 1~a! ~right! at fixed z values ~i! z
5zexit and~ii ! z5zexit125 nm are shown in Fig. 1~b!, repre-
senting the transmitted pulse shape alongy at the exit of the
tip ~left! and 25 nm behind it~right!. The internal guiding
results in a spot size at the fiber exit of about 260 nm
lvacuum/3.1. The low intensity wings seen on the left a
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right of the central peak are due to light that is escaping fr
the taper several hundred nanometer above its exit. The a
of the two peaks in Fig. 1~b!, * uÊxu2dy, differ only slightly
from each other, which indicates that the transmitted lig
consists mainly of propagating waves resulting in a spa
resolution close to the diffraction limit. The transmission c
efficient of such a probe is close to unity.

Corresponding results forp polarization are presented i
Figs. 1~c! and 1~d!. A comparison to Figs. 1~a! and 1~b!
shows that waveguiding by the taper is more efficient fos
than forp polarization resulting in a higher spatial resolutio
for s-polarized pulses at the fiber exit.

The calculated spatial resolution fors polarization as
well as the observation of weak wings on both sides of
central peak@Fig. 1~b!# are in quantitative agreement wit
experimental results that have been obtained with sim
probes.2 This suggests that the two-dimensional simulatio
for s-polarized input fields are of particular relevance f
comparison to realistic three-dimensional fiber probes wh
support preferentially the fundamental HE11 mode. For un-
coated probes, we find, for both input polarizations, no n
ticeable change in the spectral or temporal shape of the tr
mitted pulses.

When a 100 nm thick GaAs layer~e512.25; no absorp-
tion! is brought close to the fiber exit@Fig. 2~a!#, we observe
noticeable interference patterns inside the fiber due to
light field that is reflected from the sample. The pronounc
contrast of the interference patterns is due to a high refl
tivity of the semiconductor sample for the light fiel
(r'0.53!. This shows that such a probe is a highly efficie
collector of thelocally reflected field. This is supported b
curves A and B@Fig. 2~b!# showing the temporal dependenc
of uÊxu2/A0

2 at two different positionsPA andPB outside the
near-field region of the taper@Fig. 2~a!#. The difference in

FIG. 2. ~a! Effect of a semiconductor medium~e512.25, no absorption! on
the pulse propagation~s polarization!. Shown isuÊxu2/A0

2 for t552 fs on a
linear gray scale. Local reflection off the sample surfaces gives rise to
nounced interference patterns.~b! Temporal variation ofuÊx(y,z,t)u2/A0

2 at
positionsPA(y50,z51 mm) andPB(y50,z56 mm).
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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pulse energies of the transmitted pulse in the abse
~dashed curve B! and presence~solid curve B! of the semi-
conductor sample is close to the energy of the reflected p
in the presence of the semiconductor~solid curve A,t.60
fs!, evidencing the high collection efficiency.

Strongly different effects are observed for near-fie
probes with a perfectly conducting metal coating. Here,
spatial resolution directly behind the aperture is defined
the aperture diameter. Figure 3~a! showsuÊxu2/A0

2 ~s polar-
ization! inside and behind a metal-clad fiber with a 100 n
aperture diameter. Inside the fiber, pronounced interfere
patterns are formed between the incoming and internally
flected field, making such probes rather insensitive to sm
local reflections from sample surfaces. Fors polarization, the
intensity of the transmitted pulse is strongly reduced by m
than three orders of magnitude. The temporal shape of
transmitteds-polarized pulse at a distance of 25 nm from t
fiber exit indicates a significant deviation from that of t
10-fs Gaussian@Fig. 3~b!#. The inset shows the lateral inten
sity profiles of the transmitted pulses fors ~left! andp ~right!
polarization at the fiber exit~solid curves! and 25 nm behind
it ~dashed!. The large differences between the areas of
two s- or p-polarized pulses indicate the dominant contrib

FIG. 3. Spatiotemporal evolution of a 10-fs light pulse propagating thro
a metal-coated fiber probe of 100 nm aperture diameter. The peak inte
of the pulse arrives at the taper entrance~z50.25mm! at a timet530.8 fs.
~a! Spatial distribution fors polarization ofuÊxu2/A0

2 at t538.7 fs ~maxi-
mum value ofuÊxu2 at fiber exit! on a logarithmic gray scale.~b! Temporal
variation of uÊx(y50,zexit125 nm,t)u2 ~s polarization! and uÊy(y
50,zexit125 nm,t)u2 ~p polarization!, normalized to their respective pea
values at t538.7 fs. The ratio of the absolute peak values
uÊx,peaku2/uÊy,peaku2'231025. Inset: uÊx(y,z,t538.7 fs)u2 ~s polarization,
left! anduÊy(y,z,t538.7 fs)u2 ~p polarization, right! at z5zexit ~solid lines!
and z5zexit125 nm ~dashed!. ~c! Spectral power density of the Gaussia
input pulse ~dashed line! and of thes-polarized transmitted pulse atz
5zexit125 nm ~solid line!.
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tion of evanescent waves, in contrast to uncoated pro
Figure 3~c! shows a strong narrowing of the transmitte
pulse spectrum~s polarization! by about 40% and a pro
nounced blueshift by more than 15 nm~solid curve! com-
pared with the spectrum of the incident Gaussian pu
~dashed! whereas the spectrum of ap-polarized pulse is very
similar to that of the Gaussian~not shown!. The transmission
coefficient through a two-dimensional slit is close to unity15

for p polarization and therefore only minor effects of th
transmission on the temporal pulse profile@Fig. 3~b!, dashed
curve# and pulse spectrum are expected and found.

The pronounced change of the transmitted pulse sp
trum and temporal profile fors-polarized incident fields may
be attributed to the wavelength dependent transmission
ciency of metal-coated probes that strongly favor the tra
mission of shorter wavelengths. For idealized geometr
such as an infinite slit in a very thin perfect metallic scree15

analytic solutions for the transmission T are known. Fo
plane wave of wave numberk and an electric vector oscil
lating parallel to the edges of the slit T is proportional
(ka)3 if ka!1. This solution predicts, in fact, a blueshift o
the transmitted s-polarized pulse spectrum, while the wi
of the spectrum is only slightly changed. However, the a
lytical solution does not account for the pronounced spec
narrowing and the reduction in power density in the blue p
of the pulse spectrum that are indicated by our simulatio
We attribute these effects to the complex geometry of
tapered aperture probe that results in transmission prope
for ultrashort pulses that are distinctly different from tho
expected for an idealized geometry.

In conclusion, we have investigated theoretically t
propagation of 10-fs optical pulses through near-field fib
probes. For uncoated fiber probes, a spatial resolution d
to l/3 and transmission and collection efficiencies close
unity are predicted. Metal-coated probes allow us to furt
improve the spatial resolution but their complex waveleng
dependent transmission properties affect both the spe
and temporal profiles of ultrashort light pulses.
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