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X 4 (a)-(c) Ag1D)FEHE D k> RNV AT kb (a) 100 nm LA EDIE S ©F7 T A DO AT kL,
() 30 nm L FDWRDOT 7 A EDART bb, () “RNVFX—fFREdcEO#R, &> hAA v
k :Vs=-0.1V,I1=0.1 nA, Vmod = 0.5 mV, f =410 Hz, T = 4.5 K, (d) Ag(111)Z i ®> STM 14.
Vs=+40.5V,1=0.1nA, T=45K.
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3) Novoselov et al. PNAS 102, 10451 (2005).

4) Konig et al. Science 318, 766 (2007).

5) Uchihashi et al. Phys. Rev. Lett. 107, 207001
(2011).

6) Hanke et al. Phys. Rev. B 72, 085453 (2005).

7) Kliewer et al. Science 288, 1399 (2000).

8) E. L. Wolf, “Principles of electron tunneling
spectroscopy” 2nd edition, Oxford University Press

(2012).
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BRI LTz & SN A WMEDHKRNE 2, Ag(LID) REICHILT 52 U (HDHWIET Y 20 0B
ETIE, V) 2 ORER EFBRIREIC L - THEEGFEL, ZHE TITV3XN3, VTXNT, 23X 243, 4
XAMEER ENBEINTND Y, V772 LRRICY VBV b ERT 4 T v 7 BETRICHEEND
BIREEZFFOL SNTEY V. INETICA D> T D BIEENED Y U v 2O HMECT D =
EDRRREETH o, AT, EROBEED S D, RITWARETREZ RTVIXN3 VU U
AERLL, BB R RASHIT L > TEOBEBFREORF 21T 72,

B 112 Ag(111) REZHBNWT 280CTHRE L7V U BV (B AWV Y a v of@iEE: LT, v
B LIES) D STM 8 & RFTIREEEE (dI/dV) B2 77, K 1(a) OFFARKIIRT L 912, v
0. 65nm DJEM A FFOMDEME & L Tk S D, BERINICTE SNV VB dny 7 7L
TGRS, OB /RN 0.38m THDH PV, STM TEIER SN 5 AR EILE OV fHIcH4S T 5
ZEMnD, AgUID RMETET DV VB TR W EM Ny 7 ) U TG A RO LIRS iz Y, [
RETAL/ VA A= T %479 & 1O ITRT K ICEFEMREPBIEIND, £, EFEME
WDOWRITT TN T AL & HICET 5,

THLOBEMEREN G, V3X\3 ST T RTE FREE AT A AR &V, T2 T, YU VI

(a)

N

[ 1V3XV3 2V & /Ag(111D)FEHE D STM 14(a) & dI/dV 14(b). Vs =+1.0 V, 1= 0.3 nA, T= 45K,
Vmod =10 mV, f=830 Hz, T = 4.5 K.
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ROFEEBRD 4X4 ETHITDOATED, REFY
Ag(11D) EDT VBN T 4 T v 7 B IREZRIRE
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LIRS B WER R SN TOSR Y, B TH 20 M
TAYTIFERT D2 ENRNTLNnD, BIREX
Yy ZWCHRT 2 b OTIERNE Bbhd, Hill, V3
V3 U b RO R DM I R MR R T & T AT
ENFRERNBRE SN TND P, ZRUCS UL, Ag(111) EOV3XN3 2 U+ 0% Si(111)~ V3 X\3 Ag
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1) Cahangirov et al., Phys. Phys. Lett., 102, 236804 (2009).

2) Lalmi et al. Appl. Phys. Lett., 97, 223109 (2010).

3) Feng et al., Nano Lett., 12, 3507 (2012).

4) Vogt et al., Phys. Rev. Lett., 108, 155501 (2012).

5) Chen et al., Phys. Rev. Lett., 109, 056804 (2012).

6) Lin et al., Phys. Rev. Lett. 110, 076801 (2013).

7) Chen et al., Appl. Phys. Lett., 102, 081602 (2013).

8) Shirai et al., Phys. Rev. B 89, 241403(R) (2014).

di/dv (nA/NV)

2 HEIUELDO R RIVAAT
. By haRA 2k :Vs=+1.0V,1=0.3
nA, Vmod =5mV, f=830 Hz, T = 4.5 K.
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® Ni(11O)REIZHBT BT T 7 = v LHRBEOHEIH

777 = OERIEICIE, FIBEE, SiC OBGMRE, (LFRMREREE, KRRk ERdH5, 0
T HREWITIEIR, e LTS 28BS RB PRSI kFZ LT L LTRIAT 2720
SRR A LEE L LW 2 &R0, HlRINEE/REB T/ 7 7 = VIR AR TH 27 EORER B 5.
—h. ZOHEZLD 777 = OREHRECEBOHRIEE IS TE LT, REDRHTELR L
7772 OREFRICET 2T — X OEWPLETH D, £ I T, RELRILIZHERL N O
Q10 KEZHB T DT 77 = OREE~ U LA F UBMEEHIM) . 4 —2 = &E 14 (AES) . STM %
DT~ T,

X 1(a) 135k 2 1000°C £ THIEVE . MEIEE 3.3°C/s TIRIGZAIT - REO HIME TH 5, B Bl
BEINTWL/IRIFHREY 77 = Thd, ZORET AES ZVTHA~L LK 1], 777 =
R ETIHRFLERO =y S VOEEBRH SN, =7, 7T 7 = ABDI TR WER E Tl
R &= TN AR EBEOE TSR SN, =V 2B TORITE~ Yy B I 0D, Hitk
JRTFIE7 T 7 = o B BR< EREIIC—RRICHOM L TWD 2 EBbhoT, GER EOBRFEITRKMET

‘
(@ . ()
-, U - cogd 3
= e £
& N |
- ® - &
e R
’ - ‘ : { ’ = xlnﬁgmﬁu} & e

B 1(a) 1000°CH> b #RAHE D RATMNIQL10)F 7 DO~V U LA A 88
W, MAEEE = 25 kV, (b) FERHOA—Y =B AT b,
AFEFOIEELE = 10 kV, (o) FRIREICIIT 2 FEHE 2B L0
75 7= FDSTM#. V=+1.0V,1=0.1nA, T=78K.
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2777 2 TEDILVTOWRWESIS T RBE L2 &k b, ) 612, it Sk
BB 5y % STM TR F /3 fRREBILE 24T o ol B B IR - 2° c(8x2) DJEMIMEE TR b 7 A T ARITHEEFI L |
cxMEIEN A T A T ORI ZHD T D Z EAHB L7 1], V7 = 7 VTt s+
PRI L L TR L TERY . BULILC K > TRERITZ K Z L2 RE 72 c@xMEE & > T%
EALT D ENELDLEBN TS, £7-, c(8x2)REE BT 225 8 H 728 Ni(Q10) R i W L7
LAECBREIND I bHRESNTWD 1D, Lo T, 4 1000 CE TIMEAT 5 & HiFHR 72
REMRATZEZ LT, cxMEEFR L, SHIC, RBF DT T 7 = ORRIZ K o THUER 03 %
M B CIERME S ARG R, c(8x2) A b T A THEIENER SN LB 2 bivd, AES MIEICB N T 77
=¥V EHDZVETRBICHESRE SN hoTm2 &b, 777 = > EREMITEEICHEE L TV
LEfEwm LT, 777 2 AT vy RN ERRMITRY B CTRET 22 ENMbNATND, il
ZHMnb LT 777 = EREANERICOBEE T 2RI ELEDRo T LT, ZTOEEL Y]
LT DT LIFABORETH D,

757 = OREEITINTZEH DTN NOEFTIC L - T, KRMEEESHENR & OBEBEENRKE L
RBigoie, M UDICRT I 77 = OHH, 7 VEPBESNRNZ 0D, BN L 08EL T
WHEEBEZBND, 7772 /NN L > TET VEERPBIEIND Z R H DD, K
DINERDP OSSN TS, MEETICE > TY 7 7 2 OBIRSSHER I ST bied, 7
T7 2 DORREBRETA L RAEZBD SELEOICEBRNOONHENRE TNDEEZLRDN,
LB AASBEDR & oD o /N O TR R EDENT LT 7 2RO 7T 7 = % Stone-wales
KMo DDNRAELT- 2T 7 = o3 KBRS T,

AW L > TH L SN NIQIO)ERE D 7 T 7 = v EHEMOMBEEL, 77 7 = v O~HES
THIRFIEN IS TE 2200 LR, £lo, FEOWAEITS 77 = ORERELZZE LB SED
ZEbDDoltDT, ZAICEV 777 = OREEHIM b EG IR DAt nd 5, 777 = i T
DI Z BT DREREOBRE b A ROBETH D,

BE R
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® Growth of CeO2(111) thick films and characterization by means of low-temperature AFM
During the last few years, we have been studying the surface reactivity of cerium dioxide
(ceria, CeO2) single crystals at atomic and molecular scale using AFM operated in ultrahigh
vacuum and at cryogenic temperatures. We have also studied the possibility of manipulating
individual water molecules, aiming at producing the water-gas-shift reaction at a single
molecular scale [1].

In our investigation of the (100), (110) and (111) surfaces of ceria single crystals, we have
learned that these single crystals undergo a segregation process of fluorine atoms (sometimes
up to a 10%) at the surface. Aiming at, first, reproduce our previous results on the ceria
surface reactivity, and secondly, explore new possibilities on ceria based catalysis, we decided

to grow CeO2(111) thick films on top of a Cu(111) single crystal.
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Fig‘ure 1: (a) Clean surface of a Cu(111) measured with AFM. Image size is 400x400 nm?. (b) Ceria thin-film grown on
a Cu(111) surface showing 1.5 monolayers coverage of CeO,(111) distributed in three open layers. Image size is 400x400

nm2.

During FY23, we developed a vacuum system for the deposition and preparation of cerium
dioxide thin-films with the possibility of doping them with either a small concentration of
titanium (Ti) or tin (Sn) atoms. The vacuum system is composed by two homemade
evaporators and a homemade electron bombardment heater. It also has the capability of
introducing oxygen gas and exchange the sample between two different positions: one to
transfer the sample from the main UHV chamber; and another to evaporate cerium and
either Ti or Sn while in situ heating the back side of the sample using the electron
bombardment heater.

We were able to produce CeO2 (111) thin-films on Cu(111) and study them by both AFM and
STM using platinum-iridium coated commercial silicon cantilevers. These CeOz
(111)/Cu(111) films were prepared by the depositing cerium (Ce) on top of a Cu(111) surface
while heating the Cu(111) single crystal to 900°C in an oxygen gas atmosphere. Figure la
shows an image of a clean Cu(111) surface, and Fig. 1b depicts an area with up to three
monolayers high islands of CeOz (111) thin-film grown on Cu(111). We characterized the
morphology and atomic structure of these CeOz (111)/Cu(111) films and comparing these
results with the data we already have from our previous measurements of the CeOsz (111)

surface from ceria single crystals.

® Atomic- and molecular-scale study of the hybrid organic-inorganic interface of pentacene
and fullerene on titanium dioxide anatase.

Among the three common polymorphs in which TiO2 crystallizes (rutile, anatase and
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brookite), crystalline anatase has shown
considerably supremacy in mobility and low
recombination rate of photo-induced charges
that accounts for high power conversion
efficiency in optoelectronic devices, such as
solar cells. Whereas the phenomenology of
rutile surfaces has been extensively studied at
atomic scale over several decades with both
AFM and STM, the amount of information

regarding the structure intrinsic defects, and

phenomenology of adsorbates at the TiOz

Figure 2! AFM image of the TiO,(101) anatase
anatase surfaces is still scarce. At a very  surface. Image size: 200x200 nm’.

fundamental level, there 1is still debate

regarding what atomic species are contributing to the STM images acquitted on the TiO2
anatase surfaces. Normally, the assignation of atomic species in atomic resolution STM
images has been avoided or it is most of the times assumed ad doc following reasonable
hypothesis. From FY24 to FY26, we performed a thoughtful study using simultaneous STM
and AFM measurements that enabled us to unambiguously address the discrimination of
the atomic species populating the top-most part of the TiO2(101) anatase surface [2].

For the study of the TiO2 (101) anatase surface (Figure 2) and organic molecules deposited
on top of it, we developed special measurement modes that allowed us to characterize these
metal-oxide-organic systems with unprecedented resolution.

The first measured mode embraces the combination of multi-channels of information. By
using platinum iridium coated silicon cantilevers, we are able to simultaneously record the
average tunneling current flowing between the AFM tip and the sample surface together
with the variations of the first mechanical resonance of the cantilever; the latter
traditionally used for the acquisition of AFM images. In addition to these two signals, we
can also acquired the variation of the resonant frequency of the cantilevers higher flexural
modes (multi-frequency AFM), which allows us to have a better sensitivity to the tip-surface
short range interaction force in real time, when the higher flexural mode is excited at
ultra-small oscillation amplitudes. Besides this multi-channel method, we have also
developed a new scanning protocol that enables us to study corrugated surfaces, such as
organic molecules protruding from the surface between tenths of a nanometer and a

nanometer or regions near a surface step [3].
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Figure 3: Simultaneous multimode STM/AFM imaging of a single water molecule deposited on a TiO»(101) anatase
surface: on the left, the topography associated to standard AFM imaging; the panel in the middle shows the variation of
the resonant frequency of the second flexural mode of the cantilever upon interaction with the surface; on the right, the
averaged tunneling current flowing between probe and surface. An atomic model of the surface has been superimposed
to the images for clarity. Yellow balls represent the 2-fold-coordinated oxygen atoms terminating the surface and blue
balls indicate the position of 5-fold coordinated Ti atoms at the third layer of the surface. Image size: (2x2) nm?

@ Characterization of the atomic structure of the Anatase (101) surface

Using these measurement protocols, we were able to identify the contribution of the
different atomic species populating the TiO2(101) anatase surface to the simultaneous
atomic resolution STM and AFM images recorded during our experiments [2]. While the
protrusions seen in the AFM images can be directly associated to the oxygen atoms
terminating the surface, the protrusions appearing in the STM images mainly correspond
to the Ti atoms located in the third layer below the surface (5-fold coordinated Ti atoms).
See Figure 3 for details of the surface structure and atomic species assignment.

To experimentally corroborate this hypothesis, we used single water molecules as atomic
markers (Figure 3). First-principles calculations have shown that the oxygen atom of a
single water molecule adsorbed on the TiO2(101) anatase surface strongly binds to one of
the 5-fold coordinated Ti atoms of the surface. This bond produces a redistribution of the
local density of the states around the 5-fold coordinated Ti atom that should make the Ti
atom disappear from an STM images. Besides these strong bond with the Ti atom, there are
two weak hydrogen bonds between the hydrogen atoms of the water molecule and the
adjacent 2-fold coordinated atoms of the TiO2(101) anatase surface. These bonding features
are exactly what we observe in our simultaneous STM/AFM images (Figure 3). The STM
channel shows a missing protrusion at the location where the water molecule appears in
the AFM image, at which two dips associated with these two hydrogen bonds are also

clearly observed.
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Characterization of pentacene
and Ceo molecules adsorbed on the
Anatase (101) surface.

We also studied the morphology
structure  of

electronic

and Ceo

and
pentacene molecules
co-deposited on the (101) surface of

a natural single crystal of TiO2

Figure 4: AFM images of Pentacene molecules decorating terraces of

anatase, which is a model system
in hybrid organic optoelectronic

devices with application on organic

the TiO,(101) anatase surface (left), and co-deposited pentacene and Cqg
molecules on the TiO,(101) anatase surface at low coverage (right).

solar cells and organic light emitting diodes, among others. The ultimate target of this

study was to correlate local variations of the surface work function with the topography and

local composition of the hybrid organic
material by simultaneously combining
several scanning probe microscopy
techniques working at atomic and
sub-molecular spatial resolution. In
particular, we wanted to combine AFM,
KPFM, STM measurements over the
same surface regions to clarify the
electronic structure of this system.
The project embraced: (i) the
characterization of the growth of
pentacene and Ceo molecules on the
TiO2(101) anatase surface, initially
depositing these molecule on the
surface independently, and then
co-evaporating them using different

deposition strategies; (ii) the use

U
3

[

Figure 5: Left: AFM topographic image of a Cg molecule
deposited on the (101) anatase surface (upper panel) and AFM
signal simultaneously recorded using the method described in ref.
[3] (lower panel). Image dimensions are (3 x 3) nm?. Right:
Topographic image across five terraces of a (101) anatase surface
with pentacene molecules adsorbed on it (upper panel), and AFM
signal of the same surface area recorded with the method
described in ref. [3] showing atomic resolution on the surface
terraces as well as at the step edges. Image dimensions are (40 x
29) nm?.

KPFM, AFM and STM to characterize the local variation of the surface work function with

the surface topography and the electronic structure.

Once the (101) anatase substrate was perfectly characterized and understood, we deposited

pentacene molecules on it (Figure 4a). On the top terraces, pentacene molecules assemble in
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chain-like structures, normally away from the step edges and presenting kinks every few
molecules. Individual pentacene molecules are also seen adsorbed at steps on a “side-on”
configuration. Using the multi-pass method briefly described above, we were able to obtain
intra-molecular resolution with the AFM (Figure 5). This feature provided information
about how the molecules interact with each other and with the substrate.

We have also co-deposited pentacene and Ceo on the TiO2(101) anatase surface. At higher
coverage depositing first Cso and then pentacene molecules, we have always observed
separation of phases, with the formation of Ceo i1slands and the pentacene molecules
decorating the rest of the surface (Figure 4b). In all the cases we have studied, we have
never observed pentacene molecules on top of the Ceo islands. At low coverage, depositing
first pentacene and then Cso molecules, we have found islands of Cso molecules close to

pentacene chain-like structures (Figure 4b).

@ Characterization of magnetic-superconducting competitions in organometallic surface
systems at atomic scale

Recently, organometallic systems are receiving considerable attention because of several
potential applications in material science ranging from catalysis to nano electronics. In this
exploratory research project, we wanted to carry out fundamental studies on the

competition between

a T 336 0m C o0
magnetic and - 500
T A0
ducti = ﬁ
superconducting &
€ 0
interactions mediated E 200
2,00 O ap)
400 |
by electrons and Cooper S0
. . . 15 4 6 4 2 0 2 4 6 8
pairs in  magnetic Bias [mVv)
. L 120
organometallic systems
> 0.50 100
deposited on top of a in: E®
. .
superconducting e d a =2
=
100 -."iﬂ "%‘ 40
substrate. To this end, 150 i %
EL] S
we planned to o : Lol ‘;E’Bia:{mh’]z LR
co-deposit magnetic Figure 6: (a) Topographic STM image of a (270x270) nm” area of the Pb(111)

surface. (b) Topographic STM image of a (2.5x2.5) nm’ area of the Pb(111) surface
showing atomic resolution. (c) Tunneling current versus sample bias voltage curve
the surface of a Pb(111) characterizing the superconducting gap of Pb(111) surface. (d) Topographic STM image

of a (35x35) nm” displaying single Fe atoms (bright spots) deposited on the Pb(111)
single crystal (which is surface while keeping the Pb(111) substrate below 16K temperature. All the data
presented here were acquired at 4.8 K probe-surface temperature.

molecules and atoms on

a well known type I
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superconductor), and use simultaneous AFM and STM to characterize these systems at
atomic and molecular scale.

In a first stage of this study, we prepared our experimental system for the
characterization of the superconductive gap of the clean Pb(111) surface —where all the
signatures associated to the competition of the above-mentioned interactions are revealed—
by means of high-resolution scanning tunneling spectroscopy (STS).

During FY27, we designed and constructed an UHV temperature sensor consisting on a
thermocouple with a XYZ micro positioning system that allowed us to prepare atomically
clean Pb(111) surfaces by annealing the crystal after Ar+ ion sputtering at 400K in a
controlled way. With this sensor, we were able to produce atomically flat, large terraces of
the Pb(111) surface (Figure 6a).

Atomically clean Pb(111) surfaces were studied with both AFM and STM with atomic
resolution (Figure 6b). We have characterize the superconducting gap of Pb(111) at 4.8K by
means of fine STS (Figure 6¢) and corroborate that our system has enough energy
resolution to study the magnetic-superconducting interactions mentioned above. Currently,
we are exploring this ferromagnetic-superconducting system in detail. We will continue
doing research on this subject during the next few years.
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@ Stable cold electron source by LaB6 nanowire

Being probably one of the greatest instruments invented in the past century, electron
microscope (EM) has assisted scientists of a broad scope to make key discoveries in a broad
area. The EM development has been centered on a basic quest: to focus higher intensity of
electron beam into smaller beam size. This in turn requests an electron source with higher
brightness. The main obstacle is that: though room temperature field electron emission has
long been known as the brightest electron emitting

e wenier

mechanism with the highest beam

Stable period =40 hours <3 hours
monochromaticity, the scientific world failed to find Operating vacuum  1E-9 torr 1E-12 torr
a material that field emits electrons stably at room  C"e'8Yspread 0.2eV 03¢V

Driving voltage ~400v ~4000v
temperature. This 1s because: though we could Cleaning E00C Te00°C

. . . t t
obtain a clean emitter surface in vacuum by emperature

Emission Efficiency 10% 0.005%
short-time thermal heating (flashing), this clean  current noise 0.1% E~10%

surface will soon be contaminated by residue gas ) .
Fig.1 Comparison between LaB6

present in the vacuum chamber. Field emitter with . . .
nanowire emitter and commercial

contaminated surface suffers from an ever-decaying W emitter

emission current, i.e. an ever-decaying brightness
and a high current fluctuation, i.e. high beam noise. The state-of-the art cold field emitter is
made of a single crystal W needle with (310) crystal orientation. In a usual field emission gun
chamber of an electron microscope with ultra-high vacuum in the range of 10-8Pa, it takes less
than 10 minutes for brightness to drop to only 20% of its initial value right after flashing. The
beam noise is typically 5-10%, which requires data treatment to present acceptable image
quality in EM. An alternative approach is to operate an emitter at high temperature of
~1600°C, such as a Schottky emitter. The high temperature could keep a clean emitter surface,
but inevitably causes a lower brightness and a lower beam monochromaticity due to thermal
energy broadening.

The present project aims at finding an ultra-high brightness cold field emission source that

could match the excellent stability of a high temperature Schottky emitter

It has been found in the previous studies that field evaporation could effectively achieve a
clean surface at the tip of a LaB6 nanowire. The plan was set to utilize this phenomenon to
make a stable field emission electron source using such a surface-cleaned LaB6 nanowire.

The main achievement of my research is the discovery of a stable room temperature field
electron emission source. The core component of the new electron source is a LaBe single

crystal nanowire with La-termination surface structure. The emitter offers 100 times brighter
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electron beam compared to the state-of-the art W emitter and also higher monochromaticity
with 40% reduction in energy spread. Preliminary test installation in a commercial scanning
electron microscope (JEOL6700F, SEM) has provided solid confirmation that its probe current
could be increased by 3000 times. Both emission current decay and image noise were
completely removed. The new SEM is capable of higher resolution imaging at low voltage

together with a much faster chemical compositional mapping speed.
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We will continue study the properties of organometallic surface systems with technological
relevance, possibly including conformational and electronic effects upon irradiation of the surface
by light. We have also other research lines under development, including the study of heat
transport in real electronic devices down to the nanometer scale by using a high resolution
scanning thermal microscope.

Spherical aberration of the top-notch EM is now removed with Cs-corrector technology. The
only obstacle in achieving higher special resolution for electron microscopy is the chromatic
aberration. This could be minimized though applying an energy monochromator. However,
the monochromator reduces beam brightness, therefore could not produce electron probe with
enough current. The ultra-high brightness and stable emission from LaB6 nanowire emitter
will be able to solve this problem and help to achieve atomic spatial resolution even when

using very low beam energy. This is especially important for biological specimens which are
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composed of light elements. Another promising application of the electron source is for
ultra-fast electron microscopy. Due to the femtosecond short pulse of electron emission, only
an ultra-bright electron emitter could generate enough number of electrons for microscopic
characterization. We therefore expect the new generation LaBs nanowire electron source will

revolutionize electron microscopy in both spatial resolution and temporal resolution.





