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Propagation of femtosecond optical pulses through uncoated
and metal-coated near-field fiber probes
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The spatiotemporal evolution of a 10-femtosecond light p@lse805 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 raA/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.
© 2000 American Institute of PhysidsS0003-695000)05023-3

The combination of near-field microscopy and femtosecyplane, Fig. 1a). At the entrance of the tapez=2 um, the
ond spectroscopy attracts considerable interest as it opens €iper is surrounded by a thin metal film to restrict the incident
a new direction for studying ultrafast spatiotemporal dynam-ield to the taper dimension. The electric field of the incident
ics of optical excitations in molecular and semiconductorjight pulse is polarized either along theaxis, corresponding
nanostructures on nanometer length scafe®his gives di- g s polarization with three nonzero electric and magnetic
rect access to, e.g., diffusi/éand ballisti¢ carrier transport field components only, viZ, , H,, andH,, or along they

in semiconductors or to noneq.mhbnum dynanfids single axis corresponding t@ polarization with nonzerd, , E,,
nanostructures. In such experiments, femtosecond tempor

o ) ; ) 0T hq H, components only? In the case ofs polarization

resolution is in general obtained by probing optical nonlin- , . . .

o . : axwell's curl equations, governing light propagation, may
earities using pump-and-probe techniques. Subwaveleng . . )
spatial resolution is achieved by transmitting femtoseconﬁe cast in the following form:
pump and/or probe pulses through either metal-coated or un-
coated near-field fiber probes. 6 |:.:|

The transmission properties of such aperture probes for ] s”'“_"";”"
time-independent monochromatic light fields have been
theoretically studied in great detail over recent yéars.
number of theoretical methods have been developed and
implemented for solving the vector Maxwell equations in the
complex three-dimensional geometries that are typical for
realistic near-field probesAmong them are the Green'’s ten-
sor techniqué, the multiple—multipole technigdend finite-
difference time domain methodsDTD).'° For uncoated fi-
ber probes, near-field resolution downxf was only found
in a special internal reflection geometry with polarization-
resolved detectioit For metal-coated aperture probes, the
studies show consistently the strong light localization in the
near-field of the aperture as well as the pronounced wave- . 4_' @ z=2,, | 2=2,*250m
length, geometry, and polarization dependence of the ESE ;
transmissiort?*3Yet, little is known about the effect of such w2 /N\ 1 [\ 4750m
probes on ultrashort light pulses. ol N SN

In this letter, we present a theoretical study of the propa- 10 1 4 0 1
gation of 10-fs light pulses through uncoated and metal- Y (Hm)
coated near-field f.lber probes. Pronognced_ spectral Shl.fts arllqu. 1. Spatiotemporal evolution of a 10-fs optical pulse propagating
temporal broadening effects are predicted in the near-field qfyough an uncoated near-field fiber probe. The peak intensity of the pulse
metal-coated aperture probes. arrives at the taper entran¢e=2 um) at a timet=36.7 fs.(a) s polariza-

Our simulations are based on a two-dimensional modetion: Normalized energy densityE,|%/A3 at t=40 fs (left) and t=52 fs

assuming a trapezoidal geometry for the fiber taper irytize ~ (right, maximum value ofE,|? at fiber exit. The linear gray scale is pro-

portional to|E,|%/A3. (b) s polarization: Cross sections through Figa)l

(right) at two differentz coordinates: at the taper exit,; (left) and at

dAuthor to whom all correspondence should be addressed:; electronic maike,;;+25 nm(right). (c) and(d) same aga) and (b), respectively, but fop
rmueller@mbi-berlin.de polarization.
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where e, and ug are the permittivity and magnetic perme-
ability of free space, respectively. The optical properties of
matter (no absorption loss¢sare described by a real,
frequency-independent dielectric functiar= e(y,z). Dis-
persion effects are neglected since the light paths in the me-
dia are only a few microns in length. Glass near-field fiber
probes(e=2.25 inside the tapgboth with and without metal
coating are investigated. The metal coating is assumed to be
a perfect conductor. A corresponding set of Maxwell’s equa-
tions for p polarization is obtained from Edql) if we make
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the following change€—H, H——E, ege— up, and ug
— €QE.

As a numerical technique, we employ a two-dimensional

FDTD code. The space grid is composed of 3i20y) <640
(in z) or 160320 cells with space increments
Ay=Az=12.5 nm(glass tip or Ay=Az=6.25 nm(metal-
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FIG. 2. (a) Effect of a semiconductor mediute=12.25, no absorptioron

he pulse propagatio(s polarization. Shown is| EX|2/A§ fort=52 fs on a
linear gray scale. Local reflection off the sample surfaces gives rise to pro-
nounced interference patterri) Temporal variation oféx(y,z,t)\zlAS at
positionsPA(y=0,z=1 um) andPg(y=0,z=6 um).

coated tip. The time increments are about 0.030 fs or 0.015

fs, respectively.

right of the central peak are due to light that is escaping from

We consider a 10-fs Gaussian input pulse of plane-wave,e taner several hundred nanometer above its exit. The areas

structure in thex-y plane that propagates along thelirec-
tion, Ey in(t,2) (s polarization. The pulse spectrum is cen-
tered at a vacuum wavelengiy =805 nm. In front of the
taper, z<2 um, E,p=E,intEy;, with Eyjn=Agexp
(—21In [ (t—to) —Zc) ro>+icky[ (t—tg) —2Z/c]). A, is one
half of the field amplitudesq=10 fs andkg=27/ . At t
=to=30 fs the peak intensity of the pulse is centerez-a0.
EX in denotes the complex conjugatef ;,. Corresponding
expressions hold fa# ;,, while H, ;,=0. The instantaneous
electric energy density of the input pulse at space—timg (
is given byeOEim, including a high-frequency modulation
factor cod{cko[ (t—to) —z/c]}. The corresponding envelope
for the electric energy density is described byolEy /.
The maximum value ofE, ;|* is given byA3. The electric
field Ey(t,y,z)=E,+E} in the presence of dielectrica fol-
lows from Eq.(1) which, as a linear system with real coef-
ficients, transform&, ;, in E,. For p polarization, the input
pulse fieldsE, ;,, Hy jn have the samez(t) dependence as
the respective-polarized fields Ex jn,Hy,in), While E, j,=0.
Figure Xa) shows the spatial distribution ¢E,|? (s po-
larization in the y-z plane at times=40 fs andt=52 fs
(maximum value ofE,|* at fiber exi} for an uncoated probe
with a cone angle of=28°. The maximum value dE, ;,|?
of the incident pulse arrives a&36.7 fs at the entrance of
the fiber tip(z=2 um). Internal reflection inside the taper

of the two peaks in Fig. (b), [|E,|?dy, differ only slightly
from each other, which indicates that the transmitted light
consists mainly of propagating waves resulting in a spatial
resolution close to the diffraction limit. The transmission co-
efficient of such a probe is close to unity.

Corresponding results fgr polarization are presented in
Figs. 1c) and 1d). A comparison to Figs. (B and ib)
shows that waveguiding by the taper is more efficientsfor
than forp polarization resulting in a higher spatial resolution
for s-polarized pulses at the fiber exit.

The calculated spatial resolution far polarization as
well as the observation of weak wings on both sides of the
central peaFig. 1(b)] are in quantitative agreement with
experimental results that have been obtained with similar
probes’ This suggests that the two-dimensional simulations
for s-polarized input fields are of particular relevance for
comparison to realistic three-dimensional fiber probes which
support preferentially the fundamental HEnode. For un-
coated probes, we find, for both input polarizations, no no-
ticeable change in the spectral or temporal shape of the trans-
mitted pulses.

When a 100 nm thick GaAs layée=12.25; no absorp-
tion) is brought close to the fiber eXiFig. 2[@)], we observe
noticeable interference patterns inside the fiber due to the
light field that is reflected from the sample. The pronounced

results in an efficient guiding towards the fiber tip. Crosscontrast of the interference patterns is due to a high reflec-

sections through Fig. (&) (right) at fixed z values (i) z

= Zgyit and (i) z= z.,+25 nm are shown in Fig.(lb), repre-
senting the transmitted pulse shape algrag the exit of the
tip (left) and 25 nm behind itright). The internal guiding

tivity of the semiconductor sample for the light field
(r=0.53. This shows that such a probe is a highly efficient
collector of thelocally reflected field. This is supported by
curves A and HBFig. 2(b)] showing the temporal dependence

results in a spot size at the fiber exit of about 260 nm orof |EX|2/A(2) at two different position$, and Pg outside the

Mvacuud3:1. The low intensity wings seen on the left and near-field region of the tapdfFig. 2(a)]. The difference in
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tion of evanescent waves, in contrast to uncoated probes.
Figure 3c) shows a strong narrowing of the transmitted
pulse spectruni{s polarization) by about 40% and a pro-
nounced blueshift by more than 15 n®olid curve com-
pared with the spectrum of the incident Gaussian pulse
(dasheglwhereas the spectrum ofpapolarized pulse is very
similar to that of the Gaussidinot shown. The transmission
coefficient through a two-dimensional slit is close to uity
for p polarization and therefore only minor effects of the
transmission on the temporal pulse profifeg. 3(b), dashed
curve] and pulse spectrum are expected and found.

The pronounced change of the transmitted pulse spec-
trum and temporal profile fos-polarized incident fields may
be attributed to the wavelength dependent transmission effi-
ciency of metal-coated probes that strongly favor the trans-
mission of shorter wavelengths. For idealized geometries,
such as an infinite slit in a very thin perfect metallic scféen
analytic solutions for the transmission T are known. For a
plane wave of wave numbdr and an electric vector oscil-
lating parallel to the edges of the slit T is proportional to
(ka)® if ka<1. This solution predicts, in fact, a blueshift of
the transmitted s-polarized pulse spectrum, while the width
of the spectrum is only slightly changed. However, the ana-
lytical solution does not account for the pronounced spectral

FIG. 3. Spatiof | evolution of & 10-fs liaht oul ina th hnarrowing and the reduction in power density in the blue part

. 3. Spatiotemporal evolution of a 10-fs light pulse propagating throug A . .

a metal-coated fiber probe of 100 nm aperture diameter. The peak intensit9f the p,UIse spectrum that are indicated by our simulations.

of the pulse arrives at the taper entraiize:0.25 um) at a timet=30.8 fs. We attribute these effects to the complex geometry of the

(a) Spatial distribution fors polarization of|E,|/Aj at t=38.7 fs (maxi- tapered aperture probe that results in transmission properties

mum value of E,|? at fiber exi} on a logarithmic gray scaléb) Temporal  for ultrashort pulses that are distinctly different from those

variation of |E,(y=0ze+25 nmf)|* (s polarization and [E,(y  expected for an idealized geometry.

=0,Z,¢+25 nmt)|? (p polarization, normalized to their respective peak In conclusion, we have investigated theoretically the

values at t=38.7 fs. The ratio of the absolute peak values is . . . .

p o2 ) . 2 N T propagation of 10-fs optical pulses through near-field fiber

|Ex peatt /| Ey,peal “~2X 107°. Inset:|E,(y,z,t=38.7 fs}* (s polarization, b = ted fib b fial lution d

left) and|Ey(y,z,t:38.7 fs)2 (p polarization, right at z= z.; (solid lines probes. For uncoa_ e . 1ber probes, a spa I_a_ resp ution down

and z=z,,,+25 nm (dashedl (c) Spectral power density of the Gaussian t0 M3 and transmission and collection efficiencies close to

input pulse (dashed ling and of thes-polarized transmitted pulse a  unity are predicted. Metal-coated probes allow us to further

= Zexi+25 nm(solid line). improve the spatial resolution but their complex wavelength-
dependent transmission properties affect both the spectral

pulse energies of the transmitted pulse in the absenc@nd temporal profiles of ultrashort light pulses.

(dashed curve Band presencésolid curve B of the semi-
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