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ST M -ind uced lumine scence spectr a for organic molecule adsorbed
A u( 111) surf aces were studied , and t he in Ûuence of ST M- tip allo y material
on the emission spectra was measured . W e observed the ST M- tip dep endent

emission spectra of A u(111). T he characteristics of the spectra w ith Pt { Ir
alloy( 20%) tip are interpreted in terms of the one-mo de typ e and two- mo de
typ e depending on the comp osition rates. W e measured the emission spectra

for tw o di˜erent typ es of molecules, decanethiol and octanedithi ol , which
have di˜erent adsorption structures. T he emission spectra for the octane-
dithiol Ùlms w ere compared with the spectra from clean gold Ùlms and the
decanethiol Ùlms. A spectral change of A u(111) due to adsorption of oc-

tanedithi ol molecules on A u(111) w as observed in the spectral range from
700 through 780 nm w hile not for the adsorption of decanethiol molecules.
T he spectral change due to adsorption of octanedithio l molecules is compared

w ith the ST S measurements.

PACS numb ers: 68.37.Ef , 73.20.Mf , 78.68.+ m, 68.43.H n

1. I n t rod uct io n

Li ght emission induced by tunnel ing electrons from the STM juncti on is a
feasible techni que for the opti cal properti es on a nanometer scale [1{ 9]. The tech-
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ni que has been appl ied to the study of local electro nic properti es of m etals and
semiconducto rs. Recently, som e exp erim ents of STM- induced lum inescence have
been focused on the inorganic molecules on the m etal surf ace as well as organic
m olecules [3{ 7], but the emission spectra have not been well understo od. Fur-
ther experim ents of STM- induced lum inescence for the adsorb ed m olecules for
di ˜erent typ es of m olecules are needed to be correlated wi th the pro perti es of
adsorbed molecules. In thi s study , we have measured the lum inescence for the in-
organi c m olecules on m etals, i .e. self-assembl ed monolayers (SAMs), wi th di ˜erent
adsorpti on structures.

Self-assembl ed m onolay ers have attra cted considerable interest in the Ùeld
of thi n Ùlms on sol id because of thei r highl y ordered structure [10{ 18]. In parti cu-
lar, the structure of alkanethi ol (C H3 À (CH 2 ) n À 1 À SH) SAMs on Au(1 11) surface
has been intensi vely studi ed by STM and ato m ic force micro scopy (AFM). Thi s
m olecule has one thi ol -group, S{H, and the molecules are in a standi ng positi on
at the angle of about 50 degree wi th respect to the surface norm al wi th covalent
bondi ng of sulfur to the gold ato m. On the other hand, alkanedi thi ol m olecules
HS(CH 2 ) n SH, whi ch ha ve two thi ol -groups, are adsorb ed in paral lel to the surface
wi th two S{Au bondings.

In thi s study , the alkanedi thi ol (ha vi ng two thi ol -groups) Ùlm s on Au(1 11)
have been studi ed by m eans of STM- induced lum inescence, and recorded the spa-
ti al ly and spectra l ly resolved photo n m ap. The spati a lly avera ged emission spectra
for the octanedi thi ol Ùlm s have been com pared wi th the spectra from clean gold
Ùlms and the decanethi ol Ùlms.

For the spectra l study of STM- induced lum inescence, i t is im porta nt to con-
sider the e˜ect of STM ti p on the emission spectra because the STM- induced
emission spectra depend on the m ateri al of STM ti p as well as the sam ple i t-
self. In the exp eriment, we often use a ti p m ateri al whi ch is stable at high bias
vo l tages, and pro duces a hi gh intensi ty of l ight. In thi s sense, Pt{ Ir al loy is often
used for the STM- induced l ight measurements. In thi s paper, we have studi ed the
STM- induced emission spectra of Pt{ Ir al loy by measuri ng the emission spectra
for the system of Au(1 11) surface and Pt{ Ir STM ti ps. Pure Pt and two di ˜erent
Pt{ Ir al loy ti ps have been used. W e have observed the STM- ti p dependent emis-
sion spectra. The emission spectra wi th Pt{ Ir(2 0%) ti p are not well repro duced,
being very sensiti ve to the nature of the ti p apex, whi le the spectra wi th pure Pt
or Pt{ Ir(1 0%) ti ps are repro duci bl y obta ined.

In the STM- induced lum inescence of organi c molecules on Au(1 11), we have
observed a spectra l changedue to adsorpti on of octanedi thi ol m oleculeson Au(1 11)
in the spectra l range from 700 thro ugh 780 nm whi le not for the adsorpti on of
decanethi ol molecules. The spectra l change due to adsorpti on of octanedi thi ol
m olecules is discussed in relati on to the adsorpti on structure, and bondi ng nature
of S{Au and alkyl chain wi th Au(1 11).
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2. Ex p er im ent a l set u p

The spectra m appi ng m easurements of STM- induced lum inescencehave been
m ade simul ta neousl y wi th STM im ages by usi ng an in-house m ade UHV- STM
combi ned wi th the photo n detecti on system [8, 9]. Pho to ns emi tted from the
ti p{ sam pl e juncti on are col lected using an ell ipsoidal mirro r. Then the light fo-
cused by the mirro r is guided to a spectrograph thro ugh opti cal Ùbers. The spec-
tra are recorded wi th ICCD detecto r (ICCD -1024E, Pri nceton Instrum ents, Inc. ).
By acqui ri ng emission spectra whi le scanni ng the ti p positi on, a constant current
to pographi c image and spati al ly resolved emission spectra can be sim ul ta neously
obta ined. A spectrum is integrated for around 1.0 s at each point of 6 4 È 6 4 points
in the scan region. The spectra are recorded at the sampl e bi as of 2.0{ 2.5 V and
the tunnel current of 0.5{ 4.0 nA.

The spectra l sensiti vi ty of the opti cal system used in the present exp eriments
wa s measured to com pare the experim enta l ly observed spectra wi th theo reti cal ly
calculated spectra. The theo reti cal spectra presented in thi s paper are considered
wi th the opti cal sensiti vi ty of the apparatus used.

The sam ples of alkanedi thi ol Ùlm s are prepared by l iquid reacti on of de-
canethi ol l iquid (0.5 m M) or 1,8-octanedi thi ol liqui d (5 m M) wi th the ato mical ly
Ûat Au(1 11) surface. Af ter the l iquid reacti on, the sam ple is dri ed and annealed
in ai r at about 70£ C.

The tunnel ing ti ps used in the experim ents are made by electro chemical ly
etchi ng tung sten (W ), pl ati num (Pt), Pt{ Ir(2 0%), and Pt{ Ir(1 0%) wi res.

3. R esul t s an d d iscu ssio n

3.1. E˜e cts of Pt {Ir al loy on t he spect ra

The STM- induced light has been recorded for the ato m icall y Ûat Au(1 11)
surf ace wi th di ˜erent ti ps of di ˜erent m ateri al and compositi ons to observe the
e˜ect of STM ti p materi al on the emission spectra . The emission spectra for di f-
ferent STM ti ps have been obta ined from the data recorded by spati ally resolved
spectra.

The emission spectra wi th the use of W , pure Pt, or Pt{ Ir(1 0%) ti ps were
wel l repro duci bly obta ined, showi ng each characteri sti c spectra l shape. On the
other hand, the spectra wi th Pt{ Ir(2 0%) al loy ti ps were not well reproduced ex-
perim ental ly, but di ˜erent spectra l shapes were frequentl y observed for di ˜erent
ti ps m ade from Pt{ Ir(2 0%) al loy wi re. Fi gure 1 shows exampl esof di ˜erent spectra
observed wi th di ˜erent Pt{ Ir(2 0%) ti ps. The sam ple of Au(1 11) has the ato mical ly
Ûat surface. Then, the di ˜erent spectra l change in Fi g. 1 shoul d be caused by the
change of the ti p property of Pt{ Ir(2 0%) al loy. In these spectra, we can identi fy
som e spectra l peaks around 640, 680, 700, 760 nm in wa velength. These di ˜erent
peaks cannot be exp ected for pure m etals of W , Pt, Au, and were not observed
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Fig. 1. V ariations of ST M- induced emission spectra for A u(111) surf ace observed w ith

the use of di˜erent ST M tips of Pt{I r(20%).

exp erimenta l ly for ti ps of W , Pt, Au, and Pt{ Ir(1 0%). Theref ore, thi s result can
be attri buted to the e˜ect of a lloying of Pt and Ir.

The spati al Ûuctua ti on of al loy compositi on m ay be signi Ùcant on the scale
of STM ti p size in the range from about 50 thro ugh 200 nm where the local pl as-
m on for the STM- induced lum inescence is pro duced. The com positi on of Ir in
Pt{ Ir(2 0%) may have an im porta nt ro le in determ ining the geometri c and elec-
tro nic structure at the apex of STM ti p. Theref ore, the emission spectra f rom
Au(1 11) surface for Pt{ Ir ti ps wi th di ˜erent com positi ons were calcul ated to ex-
pl ain the exp erimenta l results of di ˜erent spectra shapes in term s of the spectra
for the alloy m ateri als wi th di ˜erent com positi ons. The calcul ati on is based on an
electrom agneti c theo ry wi th the compl ex dielectri c functi ons for the m ateri als of
Au sam pl e and STM ti ps [19{ 22]. In thi s theo ry , the ti p is assumed as a m etal
sphere wi th a radi us of the ti p curvature radius, and the sam ple has a Ûat surface.
The opti cal sensiti vi ty of the opti cal system used is included in the calcul ati on of
spectra presented in thi s paper.

The electrom agneti c pro perti es of the ti p and sampl e are described by the
compl ex di electri c f uncti ons, " = " ( ! ) in thi s theo ry. The al loyi ng of the materi als
is also expressed wi th the dielectri c functi on of the al loy, " P t À Ir , by deÙning i t wi th
two dielectri c functi ons, " Pt and " Ir , of each component of the al loy, Pt{ Ir. In the
present calculati on, the dielectri c functi ons of the al loy, Pt{ Ir, are deÙned in two
di ˜erent wa ys under the wei ght of the com positi on rate, and for Pt and Ir,
respect ively. The Ùrst deÙniti on is described in the fol lowing way:

À + (1)

Here, the new dielectri c properti es of al loy are pro duced in an interm ediate way
as the mixture of each com ponent. The second deÙniti on may be given as
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1

" Pt À Ir
²

a

" Pt
+

b

" Ir
: (2)

In thi s deÙniti on, the dielectri c response of each com ponent is assumed to be
inv ersely pro porti onal to respective " and each component of al loy responds in-
dependentl y to the electrom agneti c sources under the weight of the compositi on
rate. The results of the calculati on are shown in Fi g. 2 for di ˜erent deÙniti on of
" and di ˜erent com positi on of the al loy. The experi menta l spectra are also shown
in Fi g. 2. In these calcul ati ons, the bias vo l ta ge is 2.06 V and the radius of STM
ti p is assumed to be 50 nm . The dielectri c constants as a functi on of energy for
Pt and Ir are used from the publ ished data [23]. Fi gure 2a corresp onds to the case
of Eq. (2), and Fi g. 2b to the case of Eq. (1). The spectra in Fi g. 2a seem to be
a superpositi on of two di ˜erent m odes at the peak positi on of around 620 and
760 nm in wa velength. On the other hand, the spectra in Fi g. 2b exhi bi t a nearl y
sing le and broad peak. Thi s ki nd of behavi or of the spectra has been known as
two -mode typ e (b ehavi or) and the sing le-m ode typ e (behavi or) in the electro nic
and vi brati onal modes of m ixed crysta ls [24]. In the present resul ts, the observed
spectrum (curve a ) in Fi g. 1 exhi bi ts a sim i lar spectra l shape to the calcul ated
spectrum in Fi g. 2a, and the observed spectra (curves and ) in Fi g. 1 repre-
sent a mode appearing around 760 nm in the calcul ated spectra in Fi g. 2a. On the
other hand, the observed spectra (curves , , ) in Fi g. 1 show a simi lar spectra l
shape and the wa velength of the peak to the calculated spectra in Fi g. 2b. The
observed features for Pt{ Ir(2 0%) in Fi g. 1 may be interpreted by one typ e of two
behavi ors depending on the local ti p properti es. W hich m ode is a m ain contri bu-
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ti on to the spectra m ay be dependent on the m ixing condi ti on of Ir in Pt at the
apex of the Pt{ Ir(2 0%) STM ti p. If the phase of each component is rather spa-
ti al ly separated, the emission spectra shoul d be expl ained by two -m ode behavi or,
and i f each com ponent is wel l m ixed uni form ly, the spectra should be expl ained
by one-m ode behavi or. Theref ore, the variety of the observed spectra l shape for
Pt{ Ir(2 0%) al loy is considered to represent a characteri sti c way of al loyi ng on a
local scale of the STM ti p apex.

The Pt{ Ir wi res have been often used for the STM measurements. They
are stabl e and suited for the to pographic m easurem ents, but the present experi -
m ents indi cate tha t the Pt{ Ir wi th a high concentra ti on of Ir is not sui ted for the
STM- induced lum inescence because the observed spectra depend on the local ti p
pro perti es. Theref ore, the Pt{ Ir(2 0%) ti ps have not been used in the exp eriments
of the next section.

3.2. Spect ral change of emi ssion spectra
due to mol ecul e adsor ption on Au(111)

W e have m easured STM- induced lum inescence for two di ˜erent m olecules,
1-decanethi ol and 1,8-octanedi thi ol adsorb ed Au(1 11) surface. The results for de-
canethi ol Ùlm s have been al ready reported elsewhere by the present autho rs [7].
They are summari zed as f ollows, for the compari son wi th the present resul t:
(1) The photo n m ap, i .e. the m ap of the photo n intensi ty , shows a contra st of
etch pi ts whi ch are pro duced duri ng the Ùlm f orm atio n, whi ch is well correl ated
wi th the to pographi c im age (Fi g. 3a). The scan area is 6 5 : 6 È 6 5 : 6 nm 2. (2) The
shape of STM- induced spectra for the etch pi t region is nearl y identi cal to tha t of
the outerm ost layer of the sampl e. (3) The emission spectra of molecule adsorb ed
Au(1 11) do not change thei r shapes due to the m olecul e adsorpti on from tho se of
cl ean gold when we m easure them in the range of bias vol tag e from 2.0 to 2.5 V
(Fi g. 3b).

Fi gure 4 shows an STM im age of 1,8-octanedi thi o l Ùlm wi th etch pi ts whi ch
are a characteri stic feature of alkanethi ol Ùlm s on Au(1 11). The etch pi t is seen as
a dark region (wi th low intensi ty), and the molecular arra ngement wi th a shape
l ike a cigar can be im aged in the Ùgure.

Fi gure 5 shows the results of STM- induced lum inescence. Fi gure 5a is a to-
pographi c image of the m olecule-adsorb ed sampl e and Fi g. 5b is its photo n map
for the correspondi ng area measured at the sam e ti m e as the to pographi c mea-
surements wi th a bias vo l tage of 2.0 V and a tunnel ing current of 1.0 nA. The
ti p used is a Pt{ Ir(1 0%) ti p, and the scan area is 1 0 0 È 1 0 0 nm 2 . The photo n
intensi ti es of the photo n m ap in Fi g. 5b are obta ined by integrati ng the inten-
sity of spectra over a wavel ength range from 400 thro ugh 800 nm at each of
6 4 È 6 4 points. The to pographi c im age of SAM structure could not be wel l recorded
at the sam e ti m e of spectra l m appi ng, whi le som e etch pi ts were slightl y seen
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Fig. 3. (a) Photon intensity map of ST M- induced light for the decanethiol Ùlm on

A u(111) surf ace. (b) C omparison of the emission spectra for octanedithi ol adsorb ed

A u(111) (dot) and A u(111) w ithout adsorption (line).

Fig. 4. STM images of the octanedithi ol Ùlms on A u(111) surf ace.

around the botto m of the im age. Thi s is due to the fact tha t the m easurement of
STM im age is general ly unstabl e at the m easurements duri ng spectra l mappi ng.

In Fi g. 6, the emission spectra f rom the octanedi thi o l-adsorb ed Au, curve 3,
is com pared wi th tho se from the decanethi ol -adsorbed Au, curve 2, and from cl ean
gold Ùlm, curve 1, wi th the use of Pt{ Ir(1 0%) ti p. W ecan seea spectra l change due
to adsorpti on of octa nedi thi ol molecules on Au(1 11) in the spectra l range from 700
thro ugh 780 nm . Thi s spectra l change can be repro duced for di ˜erent Pt{ Ir(1 0%)
and W ti ps, then the e˜ect of ti p on the spectra l change can be excluded.

W e ha ve observed a spectra l change due to adsorpti on of octanedi thi ol
m olecules on Au(1 11) in the spectra l range from 700 thro ugh 780 nm whi le not
for the adsorpti on of decanethi ol molecules. Here, we consider the reason for the
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Fig. 5. (a) ST M image of octanedithio l Ùlm on Au(111), and (b) photon map of

ST M- induced light measured at the same time as ST M image (a).

Fig. 6. ST M- induced lumine scence spectra for A u(111) (curve 1), decanethio l on

A u(111) (curve 2), and octanedithi ol on A u(111) (curve 3).

spectra l change due to adsorpti on of octanedi thi ol m olecules. The STM- induced
photo n emission spectra of the sampl e shoul d be m ainl y caused by the local pl as-
m on induced radiati on from gold. If we could observe the spectra l change due
to adsorpti on on gold, we wo uld consider the fol lowing m echanisms: (a) the ef-
fect of dielectri c media (decanethi ol molecules) whi ch induces the change of pl as-
m on m odes due to the change of the boundary condi ti on at the interf ace between
gold and molecule layers, (b) the lum inescencefrom the adsorbed molecules i tsel f,
(c) the change in the density of sta tes of the meta l sampl e due to the adsorpti on
of molecules.

On the basis of the calcul ati on of STM- induced l ight for the m ulti layer sys-
tem whi ch consists of gold Ùlm and a dielectri c layer, the e˜ect of a dielectri c layer
on the plasmon m ode is negl igibl y smal l because of thi n layer of m olecules on
gold. The lum inescence f rom organi c m olecules could not be observed for the de-
canethi ol m olecul eson Au(1 11). In thi s sense,the spectra l change for octanedi thi ol
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m olecules cannot be ascribed to the lum inescence from m olecules. On the thi rd
point (c), i f there is a signi Ùcant change in the density of states due to adsorpti on,
the light emission spectra woul d change i ts shape from tho se of clean surface, de-
pending on the density of sta tes, because the local plasmon is exci ted by tunnel ing
electrons thro ugh the states. The present resul ts indi cate the change of the spectra
around 720{ 780 nm in wavel ength (corresp onding to the energy of 1.59{ 1.72 eV).
Thi s change would corresp ond to the change of the density of sta tes above 0.4 eV
(= 2.0{ 1.59) referenced to the Ferm i level for the bi as vol ta ge of 2.0 V.

The STS measurements can be correl ated wi th the local electroni c structure
of the surf ace pro bed by STM ti p. Thus, the current vs. bi as vol ta ges were mea-
sured for the octanethi ol adsorbed Au(1 11) surface. The deri vati ve of the current
wi th bi as vol ta ge, dI =dV , is plo tted in Fi g. 7a (Ùlled circl es), and com pared wi th
the emission spectra (Fi g. 7b). The data of dI =dV for pure gold surface are also
pl otted in the Ùgures (open circl es). Fi gure 7b shows a com pari son of the emis-
sion spectra between octanedi thi ol adsorb ed Au and clean Au Ùlm . The di ˜erence
spectrum is also pl otted. The result of d I =dV for octanedi thi ol indi cates the in-
crease in the derivati ve around 0.5 V and decrease around 0.8 V wi th respect to
the resul t f or gold. These values nearl y corresp ond to the energy m enti oned above
from the experi menta l results of emission spectra .

Fig. 7. (a) d I =dV curve obtained from the data of current vs. bias voltage for A u(111)

and octanedithio l adsorb ed A u(111). (b) Comparison of emission spectra betw een

curve 1 and 3 in Fig. 6.

The ori gin of the density of sta tes around 0.5{ 1 eV observed for the oc-
ta nedi thi ol Ùlm is not cl ariÙed in the present study , but m ay be identi Ùed wi th
m olecular orbi ta l calcul ati ons of the adsorb ed system . At present stage, on the
basis of the exp erimenta l results tha t the spectra change wa s observed for oc-
ta nedi thi ol m olecules, and not for decanethi ol m olecules, the fol lowing fact should
be noted in relati on to the di ˜erent adsorpti on geom etry , i .e. standi ng molecular
chain f or decanethi ol molecules and lyi ng chain on Au surf ace for octanethi ol : one
possible e˜ect is the change of electroni c states in octa nedi thi ol due to two S{ Au
bondi ngs instead of one S{Au bond for decanethi ol m olecules, and another is the
intera cti on of alkyl chain wi th Au surface. These facts should be related to the
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di ˜erent electroni c states. The calculati on of m olecular states on Au(1 11) is in
pro gress.

4. Su m m ar y

W e have studi ed the STM- ti p dependent emission spectra for the Au(1 11)
surf ace and the STM- induced lum inescence from organic m olecules adsorb ed
Au(1 11). The emission spectra wi th Pt{ Ir(2 0%) ti p are very sensiti ve to the nature
of the ti p apex whi le the emission spectra wi th the use of pure Pt or Pt{ Ir(1 0%)
ti ps are well repro duced. The STM- induced emission spectra f or di ˜erent STM ti ps
have been calcul ated by the electrom agneti c theo ry wi th com pl ex di electri c func-
ti ons deÙned in tw o di ˜erent ways for al loy m ateri a l, and have been interpreted
in term s of the one-m ode typ e and two- mode typ e depending on the compositi on
rates. W e have m ade the spectra l mappi ng measurements of STM- induced lum i-
nescence for the octanedi thi ol m olecules adsorb ed on Au(1 11) surf ace. W e have
observed the spectra l change due to adsorpti on in the spectra l change from 700
to 800 nm in wa velength. The spectra were compared wi th the results of STS
m easurements, indi cati ng the change of d I =dV around 0.5{ 1.0 eV. Thi s change in
the density of states observed in d I =dV is consistent wi th the observed spectra in
STM- induced spectra for octanedi thi ol Ùlm s.
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