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Comparison of  peak pulse heating for two Cu and one Mo structure 
[shaped pulse, flat part 150 ns] 

Spataro et al. NIM-A-657 (2011) 114-121



copper
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JUST IDEAL!
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Au coating is removed from the high-electric field area  
by multiple breakdowns

High gradient side of 
End cell

High gradient side of 
Center cell

Autopsy of an electroformed Au-Ni structure

Courtesy V. Dolgashev (SLAC)
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Coupler cell, near 2b diameter,  
low pulse heating area

Center cell, 
high pulse heating area

Autopsy of an electroformed Au-Ni structure

Courtesy V. Dolgashev (SLAC)
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The advantages conferred by cryogenic operation of RF cavities for high field operation 
arise from the hardness of the material, the lowered surface dissipation and 
concomitant pulsed heating. 
The improved yield strength of the copper material (new alloys?) is the effect that 
enables very high fields to be reached, while the changes in dissipation dictate 
important design features of the RF cavity system in its practical manifestation.
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Mesoscale science
Mesoscale science, where atomic granularity, quantization of energy, and simplicity of 
structure and function give way to continuous matter and energy, complex structures, 
and composite functionalities, is a broad and rich horizon for innovative materials and 
chemistry. 

We assisted to a continuous increase of investigations at ever smaller length and time 
scales that reveal the atomic, molecular, and nanoscale origins of macroscopic 
behaviour.  Now, we have to begun to reverse the approach, using the knowledge of 
nanoscale phenomena to understand and control mesoscale architectures to promote 
the emergence of new behaviours. 

Actually the mesoscale is an inherently dynamic regime, where energy and 
information captured at the nanoscale are processed and transformed at the 
mesoscale. Experiments have to look at the dynamics, possibly in situ, and have to be 
multimodal being the ordinary “static” characterisation not more sufficient. 
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The X-ray technique can 
distinguish features in the 
structure that are much finer in 
detail than those observed using 
EBSD even though the spatial 
resolution of EBSD is superior to 
that of X-ray diffraction by 
approximately two orders of 
magnitude. The results are 
explained by the sensitivity of the 
EBSD technique to the specimen 
surface condition.
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approximately two orders of 
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Young’s modulus
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It is practical and useful to 
employ ‘multiscale 
characterization’ with modern 
tools to clarify the nature and 
interaction of the heterogeneous 
deformation patterns and 
mechanisms that operate at 
different length scales. In 
particular, the combination of 
image correlation techniques to 
map the macroscopic strain and 
synchrotron (or EBSD) 
techniques provides detailed 
information on mesoscopic 
defect patterns.
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Control and manipulation of multiscale  
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Phase separation
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The new physics of this century is focusing to understand 
novel intricate non trivial mesoscale inhomogeneity in 

heterogeneous materials where novel low energy 
Quantum Physics is emerging.  

The mesoscopic world separates the atomic scale  
(0.1-10 nm) from the macroscopic world  

(d>100 microns).
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New materials for accelerators
To increase the accelerating gradient of RF cavities working at high frequencies we 
investigated copper materials coated by Mo via sputtering under vacuum. Structural and 
electronic characterisation of Mo coatings obtained via the sputtering and annealed up 
to 600°C have been performed.  
This method is a promising approach to obtain homogeneous coatings suitable to 
increase performances of RF cavities working at high frequencies. We combined FIB 
imaging to visualise at high spatial resolution the morphology of Mo films and to 
accurately measure their thickness, with transport experiments to measure the 
resistivity, while XRD and XAS were used to evaluate the degree of crystallinity, identify 
different ordered phases and probe the local structure and their electronic properties. 
Dedicated RF devices with Mo have been already manufactured at LNF. Mo and Mo 
oxides with a full characterisation of the conductivity properties are under investigation 
to optimise manufacturing procedures capable to deposit high-performance coatings. 
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Why study TMs and TM oxides?
These materials can have unusual and useful electronic and magnetic properties. 
Many of these properties strongly depend on defects such as vacancies, dislocations, 
stacking faults, grain boundaries, etc. These “defects” affect the local oxygen 
bonding.
We can grow films trying to improve functional properties, e.g., working with 
doping, strain, stress, different kinetics of growth (non-equilibrium processes), 
annealing, etc. 

Can strain/stress effects be correlated with changes in electronic properties (e.g., 
electronic band structure)?

Can structural parameters (e.g., strain, doping, defects, …) be correlated with 
changes in magnetic/electronic behaviour?

What type of defects are stable/meta-stable?

Can results be understood in terms of surface chemistry, activity, selectivity, …. etc.?

…..
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Qazilbash et al.,  Nature Phys. 2009

Comparison of various exotic conductors as well 
as a few conventional metals (Ag and Cu) based 
on the ratio of the experimental kinetic energy to 
that calculated within band theory. 

These exotic conductors share at least: 
a) high-Tc superconductivity
b) itinerant magnetism and/or 
c) electronic correlations. 

The correlated metal regime is characterized by a 
substantially reduced empirical kinetic energy of 
charge carriers compared with theory. 
The electron-phonon coupling does not result in a 
significant reduction of the electron's kinetic 
energy (unless it is extremely strong as to lead to 
polaron formation). As an example, the electron-
phonon coupling in the MgB2 superconductor 
results in Kexp=Kband <1 in the metallic state.
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Mo oxides
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Mo films
Although the solubility of oxygen in solid Mo is extremely low, the 
growth of Mo films is strongly affected by the presence of oxygen 
atoms. Because of the complexity of the phase diagram of the Mo–O 
system with many phases corresponding to oxide compounds with both 
transparent and insulating phases, e.g., MoO3, or metallic phases such 
as MoO2, the different films are multiphase systems of high-interest for 
both fundamental and technological applications. 
An extensive literature is available on Mo-based films and coatings 
and many researches aim to clarify the role of the internal mechanical 
stress, the impurity concentration, the texture or the surface roughness 
and their correlation with deposition parameters, such as pressure, DC 
power or temperature of the substrate. In spite of the data available, 
due to the presence of different oxide compositions, amorphous phases, 
microstructure defects and grain size the properties of Mo films is still 
not clear what is the lowest achievable resistivity of relatively thick 
films such as those necessary in high gradient accelerating structures 
(~µm range).

A. Marcelli et al., Surface & Coatings Technology  
261 (2015) 391-397 
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Experimental methods
Rutherford Backscattering (RBS) data show the 

elemental profile of Mo coatings.
Mo 3d photoemission (XPS) spectra giving 
the oxide content in metallic Mo coatings.  

S. Bini, et al., Chinese Physics C 37 (2013) 097005-7 
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Experimental methods

The electrical properties of Mo sputtered coatings have 
been measured via sample surface impedance probed 
as a function of the frequency through a Corbino disk 
geometry with a Vector Network Analyzer Anritsu 
37297D. The connection between the cable and the 
sample was made through a double spring method.

In a logarithmic scale we compare the behaviour of 
the electrical resistivity of some Mo coatings. Although 
the resistivity values are lower in the thinner sample, 
after the annealing a clear decrease of the resistivity 
occurs in both samples, and the observed variation is 
larger in the ticker samples. 

S. Bini, et al., Chinese Physics C 37 (2013) 097005-7 
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Experimental methods

To characterise Mo coatings we used a 
focused ion beam (FIB) microscope.  
FIB visualises the coating morphologies at 
high spatial resolution and allows to 
measure the thickness of the coating.  
A typical FIB image from a Mo film grown 
on Al2O3 (sample B5) is shown on the 
right. It is characterised by a thickness of 
~615 nm. On such coatings we collected 
XAS spectra at the Mo K edge.

!

!S. Bini, et al., Chinese Physics C 37 (2013) 097005-7
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X-RAY ABSORPTION 
SPECTROSCOPY

How it works?

Only dipole and electric quadrupole terms are considered

Cross section

Local and partial empty density of states 

σ(ω) = σα(ω) [1 + χ(ω)] = σα(ω) + σα(ω) χ(ω)
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XANES spectroscopy
Being a fast (10-15 s) and local 
probe (few Å) of a selected atomic 
species, which also does not require 
a long range order, XANES 
spectroscopy represents an almost 
unique spectroscopic technique.  
Using extremely small spots, 
without space averaging, it is suited 
to investigate the local structure 
and the electronic properties of 
different polymorphs, systems with 
vacancies/impurities/defects, 
materials where complex magnetic, 
electronic and structural phase 
separations occur. 
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• calculations of transport properties of coatings of Cu/MoO3   
and alloys such as CuAg/MoO3, etc. with thickness from few 
nm to tens of nm;  
• growth of oxides films on Cu, CuAg, CuV, etc. metallic 
surfaces;  
• characterization of coatings and oxides materials; 
• breakdown tests and of field emission on these surfaces.

Mark T. Greiner et al. Adv. Funct. Mater. 23, 215 (2013) 

UPS valence band

TM oxides on TM surfaces: Mo on Cu
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New coating materials & methods
On the left different WFs for MoO3 on 
different TMs substrates

XAS experiment on Mo growth 
on different substrates.

An extensive and accurate characterisation of the conductivity and mechanical properties of 
Mo and Mo oxides coatings may identify reliable procedures capable to growth stable and 
hard semi-metallic films with a high work function to reduce the dark current.

Mark T. Greiner et al. Adv. Funct. Mater. 23, 215 (2013) 
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“The change in the value of the work function 
indicates the strong influence of intrinsic 
defects on this parameter, which requires 
further investigation. Moreover, we were able 
to validate the approach which we developed 
previously for the dynamic simulation of the 
effect of electric field on extended metal 
surfaces.”
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Thin films are conductive and the resistance decreases at low temperature.
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XAS of Mo coatings

XAS (X-ray Absorption Spectroscopy) is a well-established technique for a 
direct quantitative measurement of local structure properties such as 
geometry and coordination numbers in ordered and disorder systems such as 
coatings or interface. To characterise the chemical status of Mo atoms in our 
coatings we performed XAS experiments at the Mo K edge at B18, Core XAS 
beamline at the Diamond Light Source (UK).  
Data were collected with focusing radiation in a spot of ~200x200 μm2 in 
the fluorescence mode. Experiments have been performed both at normal 
incidence and at grazing incidence to enhance the signal associated to thin 
surface layers and in different areas of the Mo coatings. 
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Mo K edge XANES
Comparison of XANES spectra of Mo coatings (top right). Spectra 
measured in the transmission geometry point out that all coatings 
has a slightly disordered structure with a negligible Mo oxide 
contribution. Coatings are similar except for the thick A2 sample 
(i.e., Mo/Cu) which has a significant Mo oxide contribution.  
In the bottom right we plot the edge energy vs. thickness where the 
Mo K-edge has been determined from the normalized absorption at 
the height of 0.8. The edge of samples grown on Al2O3 (B1-B6) shift 
vs. thickness due to the changes of the Fermi energy. For samples 
grown on Cu (A1-A2), XANES spectra are slightly different (in 
particular the ticker one). Mo coatings are all characterized by a 
linear expansion of the next-nearest distances around the Mo atoms 
that clearly depends by the thickness.
A. Marcelli, B. Spataro, S. Sarti, et al. Characterization of thick conducting molybdenum films: 
enhanced conductivity via thermal annealing, Surface & Coatings Technology 261, 391 (2015) 

S. Bini, B. Spataro, A. Marcelli, S. Sarti, et al., Molybdenum sputtering film characterization for high 
gradient accelerating structures, Chinese Physics C 37, 097005 (2013) 

Y. Xu, B. Spataro, S. Sarti, et al., Structural and morphological characterization of Mo coatings for 
high gradient accelerating structures, Journal of Physics: Conference Series 430, 012091 (2013) 
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XAS(100nm-50nm)

50 nm MoO3/Cu

XAS(200nm-50nm)
XAS(300nm-50nm)

Marcelli, Macis, Spataro et al. unpublished
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FE maps up to E = 50 MV/m on the single crystal Mo sample after HT at 
500◦C (a) and 600◦C (b) and of the much better cleaned polycrystalline 
sample after HT at 600◦C (c). 
Well-polished and dry-ice cleaned Mo samples with native oxide did not 
show parasitic FE up to a field level of 50 MV/m required for photoinjector 
cavities.
No FE was observed after HT up to 400 ◦C, but 19 (26) emitters occurred 
after HT at 500 (600)◦C as shown on the left.
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…. the same polycrystalline Mo sample was 
scanned up to 100 MV/m to enhance its FE 
significantly. Beside both formerly present 
emitters, about 18 additional ones with Eon 
values of 30–90 MV/m could be activated now 
as shown in Figure 6a. 
It is remarkable that some new emitter show 
rather low values for Eon now. This well-known 
activation effect for field emitters is usually 
explained by the creation of conducting 
channels in the insulating oxide layer ……
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After the XPS measurement the sample was 
moved into a preparation chamber for a HT. 
Four treatment cycles were performed in situ 
with increasing temperature of 100, 300, 400 and 
600◦C for 1 h. After each treatment step the 
sample was transferred back into the analyzing 
chamber for the XPS measurement. 
The position of the illuminated area remains 
unchanged. The weight f for MoO3 reduces from 
∼0.33 for the unannealed sample to 0.05 after HT 
at 300–600◦C. 
After HT at 400◦C the molybdenum trioxide layer 
is dissolved into the bulk (Fig. 11). After the last 
HT at 600◦C all Mo oxide correlated peaks 
disappeared, indicating that the oxide film was 
removed completely.
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Even in optimal superconducting samples the 
oxygen defect order can be highly 
inhomogeneous. Actually, the glue regions 
contain incommensurate modulated local lattice 
distortions, whose spatial extent is most 
pronounced for the best superconducting 
samples. For an underdoped single crystal with 
mobile oxygen interstitials in the spacer 
La2O2+y, the incommensurate modulated local 
lattice distortions form droplets anti-correlated 
with the ordered Oi. In the simplest among high 
temperature superconductors, two networks of 
ordered defects coexist. They can be tuned to 
achieve optimal superconductivity.  
Actually, for a given stoichiometry, the highest 
transition temperature is obtained when both 
the ordered oxygen (Oi) and the lattice defects 
(LLD) form fractal patterns.

Q2-Oi Q3-LLD

Q2-Oi
Q3-LLD
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μ-XANES measurements were 
performed using LUCIA at SOLEIL 
with the high brilliance (1.6 1011 
ph/s/400 mA) Apple II-UH52 
undulator soft X-rays source (0.8–8 
keV). The polarized monochromatic 
photon beam was focused with a 
couple of KB mirrors on a 2.5 x2.5 
μm2 spot. At each x-z position, the 
lanthanum L3-edge XANES signal 
was recorded in the fluorescence 
mode with a 4 elements Si drift 
Bruker detector.

Characteristic La L3 spectrum at the binding energy of 5383 eV corresponding to the 
electronic transition from the 2p level to 5d empty states.

N. Poccia, M. Chorro, A. Ricci,  Wei Xu,  A. Marcelli, G. Campi and A. Bianconi  
Percolative superconductivity in La2CuO4.06 by lattice granularity patterns with scanning  
micro x-ray absorption near edge structure 
Applied Physics Letters 104, 221903 (2014)
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The atomic cluster (~8 Å) surrounding La (green) in a La2CuO4+y crystal that 
determines the shape resonance in the La L3-XANES. The photoelectron wave 
emitted by the absorbing atoms are scattered by Cu (blue), oxygens (red) and 
other La ions. In oxygen rich puddles (as in the La2CuO4.125 crystal) the cluster 
includes additional Oi (purples spheres indicated by the arrows).

FMS theory
FMS La L3 XANES calculation for the 
La2CuO4 (brown) and the 
La2CuO4.125 (black). In the bottom 
the difference between the two 
spectra. As shown in the lower 
panel, Oi induce an increase of the 
peak due to the first and strongest 
MSR. 

The superimposition of two XANES 
spectra in the ORPs (La2CuO4+y 
with y~0.125 Oi) and in the OPP 
(La2CuO4 without Oi with y~0)  
shows an increase by 0.4 in units 
of the La L3-edge atomic 
absorption jump and a shift of the 
white-line in correspondence of 
the ORP. 
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We reconstructed the intensity of the main MSR peak in the XANES spectra 
using a spot of 4 μm. The spatial distribution of ORPs and OPPs is revealed 
looking at the MSR peak and comparing the images where different spatial 
distributions of ORP occur.

The statistical analysis, i.e., the distribution curves of the two regions are 
shown in panel (c). The x axis is the intensity of the MSR, which ranges from 
2.4 to 2.7 in units of the absorption jump. The Gaussian distribution of the 
map (a) peaked at 2.6 while the map (b) at 2.5 [see panel (c)]. The width of 
the oxygen poor distribution (OPP) ranges from 2.45 to 2.55, while for the 
oxygen rich region (ORP) it ranges from 2.52 to 2.65, i.e., we have different 
distributions in different locations.

The variation of the MSR intensity is smaller respect to the calculation. 
Actually, as showed by scanning μ-XRD experiments, OPP regions are <4 μm 
and with our micro-beam it was impossible to probe regions free from ORPs. 

10 µm

ORP

OPP

Color maps of the position dependent intensity of the MSR in the XANES spectra 
of the La2CuO4.06 crystal. Maps are 36x18 pixels (4 μm pixel size). The 
exposition time was 10 s/step. In (c) are compared the probability density 
function PDF(x) of the MSR of the ORP and OPP regions.
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Conclusions
• RF applications are limited by operational conditions & materials properties, e.g., yield stress, Young’s 
modulus, etc.;

•TM oxides show many exotic properties and tunable (percolative) conductivity mechanisms;

• Mo oxides intercalated by electron-donating cations may become good conductors, and even metallic. These 
mixed type conductors show both ionic and electronic conductivity;

•The advantages of cryogenic operation of metallic RF cavities at high field arise from the hardness of the 
material, the lowered surface dissipation and the concomitant pulsed heating;

• Spectroscopy, diffraction and hyperspectral-imaging techniques are necessary to visualise the nature of metals, 
alloys and multi-scale systems such as metals, alloys and TM oxides;

• These researches can be extremely useful not only to identify coatings and technology suitable to increase 
performances of RF cavities working at high frequencies (X-band, W-band, …), but to many other applications 
where conductivity, field emission, dark current and other properties of technological interest have to be 
characterised and possibly tuned/optimized.
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