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Nonlinear Spectroscopy on a Single Quantum single-mode continuous-wave Tisapphire 
laser (Coherent 899-29) was used for exci- 

System: TWO-Photon Absorption of a Single Molecule tation at a wavelength of about 888 nm. 
The overall quantum yield of photon detec- 

Taras Plakhotnik,* Daniel Walser, Marco Pirotta, Alois Renn, tion A,,, was approximately 1%; this yield 

U ~ S  P. Wild? included the solid angle of collection, opti- 
cal losses, and the quantum efficiency of the 
photomultiplier (15). This A,,, was several 

Two-photon fluorescence excitation spectra of single diphenyloctatetraene molecules times higher than under one-photon exci- 
trapped in an n-tetradecane matrix were measured at cryogenic temperatures. The purely tation, because the laser wavelength is 
electronic zero-phonon line (transition at 444 nanometers) of these single molecules with twice the transition wavelength and the 
a width of about 60 megahertz was excited by a continuous-wave, single-mode laser at whole luminescence spectrum of DPOT in- 
888 nanometers. Even though the two-photon absorption cross section is extremely cluding the strongest 0-0 line can be col- 
small, a high photon count rate and low background allowed nonlinear spectroscopy to lected without interference from stray light. 
be extended to the single-molecule level. This experiment also suggests the possibility The fluorescence excitation spectra were 
of two-photon single-molecule scanning microscopy. recorded as a function of the laser wave- 

length. All measurements were performed 
in supetfluid He at 1.7 K. 

A two-photon excitation spectrum of 
Optical experiments with single quantum minescence spectra of DPOT in TD (Fig. the inhomogeneous band (Fig. 3) had a 
systems (SQSs) have been steadily progress- I), where a small peak at 444 nm corre- maximum intensity at about 888 nm and a 
ing. Single atoms in a beam, single ions in a sponding to the one-photon transition to S1 linewidth of about 120 GHz. The average 
Paul trap (I),  single molecules on a surface is observed. In a solid matrix, the observed intensity of the band was proportional to 
(2), and single atoms in a magnetooptical lifetime T, of the S, state is about 6 ns, the square of the laser intensity and was 
trap (3) are promising systems that can be whereas the radiative lifetime Tmd is 66 ns roughly proportional to the concentration 
used to test quantum physics. Since 1989, (13). The blue luminescence (Fig. 1) was of DPOT at room temperature (16). The 
optical spectroscopy of single molecules in used in this work for SM detection. peak position is in agreement with the 
solids (4, 5) has been achieved by several We prepared the sample by dissolving a value observed in the low-resolution spec- 
groups (6). small amount of solid 1,8-diphenyl-1,3,5,7- tra (Fig. I), and the band shape is domi- 

In all of these previous experiments, the octatetraene (Aldrich) in TD (Fluka) at a nated by fluctuations called statistical fine 
SQS absorbed only one photon to undergo concentration of 2.5 x M at room structure (SFS) (17). This SFS is caused 
a transition from its ground state to the temperature. The solution was placed be- by fluctuations in the number of molecules 
excited state, that is, the interaction of the tween two microscope cover-glass plates and per frequency interval in the excited vol- 
SQS and the electromagnetic wave was lin- was rapidly cooled to liquid He temperature ume and is reproducible from scan to scan 
ear. In our experiments, a nonlinear inter- to form a Shpol'skii matrix (14). (Fig. 4A). 
action between a single molecule (SM) and In the experiments (Fig. 2) a tunable The concentration of DPOT in the sam- 
light occurs through simultaneous absorp- 
tion of two photons, each carrying half of 

6 -  Fig. 1. Low-resolution, one- 
the energy needed for the optical transition. photon excitation (left) and lu- 

Double quantum jumps in SQSs were g . - minescence (right) spectra of 
treated theoretically in the 1930s (7). Such 3 the DPOT in TD measured at 5 
processes are fundamental for nonlinear op- 4 - - K. The strong broad line at 
tics, and here their direct observation is 410 nm corresponds to the 
reported. Our experiments also open a way - - 0-0 zero-phonon line of the 

to two-photon scanning microscopy (8) on 2 one-photon-allowed 1 B, + 
2 2  an SM level. This kind of microscopy will 1 lA, transition. The small 

peak at 444 nm is the 0-0 line 
supplement SM optical (9) and near-field 5 - of the 21Ag + 1 'Ag transition 
microscopy ( 1 0). (labeled by an asterisk). The 

For SM spectroscopy, we used diphenyl- 404 424 444 464 broad band at about 445 nm 
octatetraene (DPOT) diluted in n-tetrade- . 

Wavelength (nm) in the luminescence spectrum 
cane (TD) (I I). The DPOT was excited is the phonon wing. 
from its llA, ground state (So) to the lowest 
excited sing1et state 21Ag (S1) twO-~hO- Fig. 2. Schematic diagram of the expedmental 
ton The one-photon transition setup for two-photon spectroscopy. A large por- 
between these states is electric-dipole-for- tion (85%) of the laser intensity was reflected by a 
bidden by parity, but in a low-temperature dichroic beam splitter (BS) and was focused onto 
matrix and a free supersonic jet (1 2), a weak the sample (S) by a microscope objective (MO) 
one-photon emission due to coupling be- (Newport, achromatic, 60x, numerical aperture 
tween 2 1 ~ ,  and nearby l ~ ,  states can be 0.85), which was immersed in liquid He. We 

observed. nis can be seen in the low- achieved focusing by changing the distance to the 

resolution, one-photon excitation and lu- sample, using a step motor also placed in the 
liquid He bath. The laser spot had a Gaussian shape. Its diameter on the sample surface was 3 pm. The 

Physical Chemistry Laboratory, swiss F~-J& Institute of fluorescence emitted by a single DPOT molecule was collected by the same MO and passed through the 
Technology, EM-Zenttum, CH-8092 Ziirich, swit~etiand. BS, which had a transmission of more than 80% at 444 nm. A lens (L) focused the fluorescence onto the 

.Permanent address: of SpectrOSCOpy, 142092 photocathode of a photomultiplier (PM) (Hamamatsu, R4220P), whose quantum efficiency is about 20% 
Troizk, Russia. at 444 nm and less than at 888 nm. Laser radiation was additionally blocked by a glass filter (F) in 
tTo whom correspondence should be addressed. front of the PM. When the mirror (M) is tilted, the spot position can be scanned over the sample. 
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ple can be estimated fro111 the SFS (17). 
The effect~ve volume exclted by two pho- 
tons was 10-l1 cmi. Intensltv fluctuat~ons 

background ratio of about 10. The  back- 
ground was proportional to the square of 
the laser power and was probably caused by 

T o  explain the saturation, the triplet bot- 
tleneck has to be taken into account. Ac- 
cording to simple rate ecluations, the count 
rate R in the center of an SM line and the 
measured lineaidth Av are given by 

in the center of the inhornogeneous band 
were about 30%. Hence, the 11ulnber of 

nonresonant second harmonic generation 
in the substrate or sanlvle itself. The  second 

~nolecules in the excited volume per fre- 
qllency interval, which is equal to the mea- 
sured linewidth ( I v ,  = 30 LlHz, see be- 
low), is approxi~natel~ 10. This corresponds 
to a DPOT concentration of 7 X lop6  M. 

harmonic, which propagates in the direc- 
tion of the excitation beam, was less than 4 
x 10"hotons per second. About 5% of 
these photons could be reflected iron1 the 
sample surface and collected by the micro- 

in reasonable agreement with the concen- 
tration at room temnerature 116). 

scope objective. 
Some of the SMs showed spectral jumps, 

sudden disappearance of the signal after a 
few scans, a behavior observed in Inany 
experiments on  SLls (6) .  Other SMs were 
very photostable, which allowed us to mea- 

and 
, , 

A high-resolution scan measured in the 
red wing of the inhornogeneous band (Fig. 
4B) shows 'Aree SM lines with a signal-to- 

where hv is the photon energy, K = 2/(2 + 
k,,/k,,), k,, is the intersystem crossing rate, 
k2,  is the total decay rate (including radia- 

sure them at different excitation powers to 
determine the power dependence of their 
line intensity and linewidth (Fig. 5) .  A t  low 
power, the count rate R is proportional to 
the square of the laser intensity I; however, 
at higher power, R increases more slowly 
than l', indicating a saturation. 

The  lineaidth varied only slightly upon 
increasing the laser intensity from 0.6 to 2 
MW an-', an indication that thermal 
heating was negligible in the low-power 
region. Moreover, even under light-induced 
heating, Av X R should be proportional to 
1' (18). At  the highest laser power, R is 
about one-fourth of the value extrapolated 
from low-power data (line R - I?),  whereas 
the line broadening is only 50% and does 
not comDensate for the reduction in the 

tionless transitions and spontaneous emission) 
from the excited singlet directly to the ground 
state, k2, + kZ, = l /T, ,  k,, is the total decay 
rate from the triplet to the ground state, Av, 
is the low-noner limit of the measured line- 
width, and o(') is the so-called two-photon 
absorption "generalized cross section." 

Equations 1 and 2 would be identical to 
the ~vell-known equations describing one- 
photon excitation [see, for example, (1 9 ) ] ,  
if a(')I/(hv) was replaced by a .  

It is ass~uned that the Lorentzian line- 

Laser wavelength (nm) 

Fig. 3. Excitation scan over the inhomogeneously 
broadened two-photon absorption band. The 
concentration of DPOT was 2.5 x 1 0-5 M. and 
the laser intensity was about 4 MW cm-'. The 
phonon wing IS out of the scan range. 

shape f ~ ~ n c t i o n  is given by 

line intensity. Hence, thermal heating can- 
not he res~onsible for the saturation and 
could only provide an unimportant contri- 
hution to the linewidth and the line-inten- 

~vhere v is the laser frequency and vo is the 
center frequency of a SM line. If we intro- 
duce the high-power count rate sity dependencies. 

and the saturation intensity 

Eqs. I and 2 can be rewritten as 

and 

201 , ' , , "  
0.4 1 2 3 4 5 6  

Laser intensity I (MW ~ r n - ~ )  

A t  low power we get 
Laser frequency detuning (MHz) 

Fig. 4. (A) Hlgh-resolut~on scans In the center of 
the lnhomogeneous band The reproduc~bty of a 
structure In two traces shows SFS (B) A h~gh- 
resoluton scan In the wng of the lnhomogeneous 
band shows threeSM Ines labeled a, b, and c the 
laser power was 2 5 MW ~ m - ~  On both (A) and 
(5). the upper trace 1s shifted verically for carty 

Fig. 5. Dependence of the count rate (A) and the 
measured llnewldth IV (B) of molecule b (Flg. 4) on 
laser intensty. A least squares f~t of Eqs 6 and 7 to 
the experimental data 1s shown by solid lines. The 
dashed Ines R - I and R - I' are shown for 
comDarson. 

We performed a least squares fit of Eqs. 6 
and 7 to our experimental data (Fig. 5 ) ,  in 
which R,, Av?, and 1 ,.,, were equal to 1900 
counts s-', 30 MHz, and 4.1 MW cm-', 

SCIENCE VOL 271 72 MXRCH 1996 



respectively (20) .  In the  case of two-photon 
absorption, the  line-shape f ~ ~ n c t i o n  S ( u )  is 
proportional to  l / [ ( n  - 2v)' + (r/2)'] 
(2 1 ), where n is the  transition frequency, v 
is the  laser frequency, and r is the  molec- 
ular linewidth. Hence, to  get T, the  exper- 
imentally measured value 4v, must be mul- 
tiplied by a factor of 2. T h e  molecular line- 
width is more than twice the  lifetime-lim- 
ited value 1 / ( 2 ~ T ~ ) .  T h e  difference lnay 
have been caused hy spectral diffusion (22) ;  
further investigations are required to  deter- 
mine the  origin of this difference. Spectral 
d i f f~~sion can also he responsible for fluctu- 
ations in the  experimental values of hv 
(Fig. 5). 

From Eq. 8 and the  experimental data, it 
follows that u") = 6 x lC?' cmS s (23). 
T h e  parameters K and kjl can be estimated 
as well, because K = ?R,T,,d/A,,, and k Z 3  = 
8 X lo5 s-' (24),  giving K = 2.5 X lo-' 
and k j l  = 1 X lo4 s-I (2C). T h e  value for 
k,, is in  reasor~able agreement with the  
triplet decay rate measured for shorter di- 
phenylpolyenes [2.5 x lC3 s-' for diphe- 
nylhexatriene and 4.,1 x 10' s-' for diphe- 
nylbutadiene (25)l. 

From our observations we conclude 
that  the  recorded signal corresponds to  the  
e m i s s ~ o r ~  of D P O T  ~nolecules excited bv 
two photons. In  spite of recent achieve- 
ments in  S M  spectroscopy, it was no t  clear 
a t  the  beginning of this research if t he  
two-photon excitatiorl of a n  S M  was fea- 
sible a t  all. T h e  extremely low cross sec- 
t ion of two-photor~ absorption, thermal 
heating under excitation by strong laser 
light, and low count rate as a result of 
saturation were anticipated obstacles for 
such experiments. T h e  very low back- 
ground under two-photon excitation made 
our experiment possible. 
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Are Single Molecular Wires Conducting? 
L. A. Bumm, J. J. Arnold, M. T. Cygan, T. D. Dunbar, 

T. P. Burgin, L. Jones II, D. L. Allara," J. M. Tour," P. S. Weiss* 

Molecular wire candidates inserted into "nonconducting" n-dodecanethiol self-assem- 
bled monolayers on Au { l l  I }  were probed by scanning tunneling microscopy (STM) and 
microwave frequency alternating current STM at high tunnel junction impedance (100 
gigohms) to assess their electrical properties. The inserted conjugated molecules, which 
were 4,4'-di(pheny1ene-ethynylene)benzenethiolate derivatives, formed single molecular 
wires that extended from the Au{l 1 I }  substrate to about 7 angstroms above and had very 
high conductivity as compared with that of the alkanethiolate. 

M o l e c u l a r  wires (MWS)  are among the  
key components in  the  emerging field of 
molecular electronics. I11 their simplest 
form, M W s  can be viewed as conjugated 
~nolecules tha t  form one-dimensional 
electronic cor~ductors to intercorlnect 
such proposed molecular devices as single 
electron transistors, electron turnstiles, 
~nolecular switches, and chemical sensors 
( 1  ). Although many h1W candidates have 
been prepared ( 2 ) ,  t he  conductivity of 
single M W s  has no t  been demonstrated. 
This  is due 111 part t o  the  difficulty of 
individually connectirlg a single M W  t o  
probes. In  this report, we describe how 
~nolecular  self-assetnblv was used both  to  
anchor a n  MW candi ja te  to  a n  electrode 
( the  h u { l l l )  substrate) and to  dilute and 
isolate the  MW candidates within a self- 
assernbled monolaver I S A M )  of n-dode- 
carlethiol ( D T ) .  T h e  second connection 
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to the  M W  candidate was achieved via the  
probe tip of a n  S T M  or a tunable micro- 
wave frequency alternating current S T M  
( A C S T M ) .  T h e  individual ~nolecules can  
be obserl~ed in  cor~vent ional  STM images - 
as well as by their m i c r o ~ a \ ~ e  frequerlcy 
electronic properties. T h e  S T M  can  then  
individually examine the  inserted MW 
candidates a~nd probe their electror~ic 
properties. 

Bulk conductivity lneasuretnents of 
h4W candidates include conduction ~7aths 
along the  ~nolecule  and  percolation he- 
tween the  chains. W u  and Bein have 
gromrn isolated pulyar~iline ~nolecules (3) 
and graphitic carbon (4)  in  zeolite matri- 
ces to  eliminate interchain percolation 
and have demonstrated the  molecules' 
conductivity usi~ng a microm~ave cavity 
perturbation techntque a t  2.63 GHz. Jo~nes 
e t  al. (5 )  have made preliminary measure- 
ments using mechanical break junctions 
containing 1,4-benzenedithiol. Urlfortu- 
nately, these turlnel junctions are ill de- 
fined in  that  it is difficult t o  know if the  
cor~duct ing channel  is a single molecule or 
I S  even the  molecule of interest. T h e  S T M  
and A C S T M  are ideal for this study he- 
cause thev allow us to image the  surface 
and  locate isolated molecules, which are 
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