Zener Award Lecture

THE ROOTS AND THE FUTURE
OF MECHANICAL SPECTROSCOPY
by
Rosario Cantelli

The Origin
In the early time the elastic energy loss in solids was treated as a
viscous friction, and this is the reason why the improper name
“internal friction” was coined.
A. Kimball, 1923. Rough apparatus for measuring the elastic energy
dissipation: revolving shaft supported in bearings. Damping was
considered as a constant of the material.
S.L. Quimby, 1927. Composite oscilator. First concomitant
measurements of elastic moduli and energy loss.
C. Zener, 1949. First visible School on anelasticity in solids at the
University of Chicago. He attracted outstanding young
researchers like A.S. Nowick, T.S. Kê. C.A. Wert.

PROFESSOR CLARENCE ZENER
The Founder of Anelasticity
In 1985
ICIFUAS-8
Urbana
His scientific activity was tremendously broad.
He is more widely known
in work other than anelasticity .
His career spanned more than 60 years.
Before the graduate degree at Harvard he
published: “A theory of the electric
breakdown of solid dielectrics”
After this paper a particular p-n junction
the Zener diod
was industrially fabricated.
Zener joined Cyril Smith in founding the
“Institut for the Study of Metals” at the
University of Chicago in 1945.
Among the members of the University:
C.S. Barret, A.W. Lawson, N. Nachtreib,
E. Fermi, E. Teller, W. Zachariason,
G. Wentzel, R.S. Millikan, M.-G. Mayer,
L.J. Dijkstra.

Dear Professor Cantelli,
many thanks for your kind invitation.
I would appreciate you making the appropriate
Hotel resevations for my wife and myself.
I will of course be happy to contribute to the
Hystorical Session being organized by
Arthur Nowick, and will be in touch with him
in regards to details.
Kindest regards
Clarence Zener

Please pardon my delay in answering your
letter. I had broken my leg and will need
assistance in walking for several months,
but will be O.K. for your conference.
(April 1993)

Zener Discoveries

Manganites
Mn3+

e- cond
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High T, insulating, paramagnetic
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PHASE
TRANSITION T~270 K

Zener diode (1932)
Zener theory of anelasticity (1947)
Mn4+
O2- Mn3+
Zener thermoelastic effect (1937)
e- val
e- val
Zener relaxation (vacancy dynamics)
Low T, metallic, ferromagnetic
Zener double exchange mechanism (1951)
Zener drag mechanism (small precipitates may retard the
grain boundary migration)
- Zener as being ahead of his time (1993):
high speed impact of particles on rigid surfaces:
premonitory signs of nanotechnology (SUPERSONIC
CLUSTER BEAM DEPOSITION).

Professor A.S. Nowick
The Scientist who developed the theory,
compared it with the experiments,
and disseminated the information
all over the world

Bordoni Peak and Dislocation Relaxation
1949: discovery of the Bordoni Relaxation
P.G. Bordoni, La Ricerca Scientifica 19, 851 (1949)
First real evidence of the existence of dislocations, suggested
by Orowan, Polanyi, Taylor, in 1934.

Retrospective history
Bordoni and M. Nuovo had built their sensitive “Vibrometer” to electrostatically
detect vibrations and damping, at the Institute of Acoustics “O.M. Corbino”, Rome.
Bordoni, 1948. Systematic studies of anelastic behaviour of solids down to the
liquid helium temperatures, starting from the purest metals.
To this purpose he moved to the Low Temperature Laboratory of M.I.T. (Cambridge, USA), and took his Vibrometer and some of the apparatus with him.
He soon observed a trace of an unespected dissipation in cold worked Pb at
35 K for 10 kHz, just emerging from background, which could be revealed thanks
to the sensitivity of his electrostatic drive system.

Prof. Piergiorgio BORDONI
in 1948
at
M.I.T. Boston (USA)

Bordoni Peak and dislocation Relaxation
W.P. Mason, 1954. Dynamics of dislocation lines lying in a minimum energy
position (Peierls valley) and anchored by pinning points.
A. Seeger, 1955. Kink-pair mechanism.
Many other authors contributed to this effect, and more generally to dislocation
motion processes. Among them:

D.H. Niblett (discovered a side peak), R.H. Chambers, A.S. Nowick, A. Granato,
K. Lücke, G. Schöck, W. Benoit, G. Fantozzi, G. Gremaud, C. Esnouf, J. Perez,
A. Rivière.
Reviews were given by Prof. Seeger, Prof. Benoit, and Prof. in the
Icifuas-13 Conference, Bilbao 2002.

Professor P.G. Bordoni
in July 2005
90 years old
Wishes a successful
Conference to all
the Participants

Dr. J.L. Snoek

Snoek Peak
The relaxation of point defects is the other main subject which determined,
together with the dislocation relaxation, the abrupt rise of interest in the
anelastic properties of solids and the development of our spectroscopy.
The Snoek effect is the elastic energy dissipation associated with the free
motion of point defects in solids. During the free migration, the elastic quadrupole,
, associated with the defect distortion reorients itself. When the relaxation
condition, =1 is fulfilled, the dissipation presents a maximum.
The Snoek relaxation was first studied in bcc metals containing the heavy
interstitial foreign atoms O, N, and C.
R.W. Powers and Margareth V. Doyle, 1957: systematic work; determined peak T’s,
frequencies, activ. energies, conversion tables peak heights vs O, N, C, contents.
Z.C. Szkopiak, 1966: re-visited the systems and completed the tables.
The anelastic measurement is such sensitive that metallurgists used it to determine
the solute concentrations at levels at which any other method is insensitive.
The broadening of the O-Snoek maxima and their shift to high temperature with
increasing O content, due to the interaction between the interstitial atoms, was
deepened and interpreted more correctly in recent times by:
C.A. Wert, M. Weller, T.S. Kê, R.C. Frank, G.Y. Li, J.X. Zhang, J. Diehl.

Interaction of heavy interstitials (O, N, C) with substitutional solute atoms (i)
S-I interaction
- L.J. Dijkstra and R.J. Sladek, 1953
- Patricia M. Bunn et al., 1962
- J.F. Enrietto, 1962
- G.T. Hahn et al., 1963
- R.W. Armstrong et al., 1963
- R.J. Arsenault, 1967
- I.G. Ritchie and R. Rawlings, 1967
- K.W. Ravi and R. Gibala, 1969
Those authors early studied the effects of substitutional solutes on the mechanical properties and on the relaxation spectrum of metals. They observed a reduction
of the random interstitial concentration by the presence of substitutionals, and
called this (trapping) effect as “scavenging”.
An excellent review of the old investigations was given by:
D.F. Hasson and R.J. Arsenault, in: Treatise on Materials Science and Technology,
ed. by H. Hermann, Academis Press, New York, 1972.
A review on this subject was given more recently by:
H. Numakura and M. Koiwa, J. Phys. IV 6, C8-97, (1996).

Interaction of heavy interstitials (O, N, C) with substitutional solute atoms (ii)
The effects of Zr and Ti
- Extra relaxation peaks attributed to the motion of O and N in the vicinities
of Zr were reported by:
D. Mosher, C. Dollins, and C. Wert, [Acta Met. 18, 797 (1970].
- D.F. Hasson and R.J. Arsenault [Int. Conf. Stregth Metals Alloys 2nd, Vol.1,267
(1970)] showed that the addition of Ti to V removes O and N from solid
solution.
- R. Cantelli and Z.C. Szkopiak [Appl. Phys. 9, 153 (1976), ibid. 9, 253 (1976)]
studied the interaction peaks due to the stress-induced hopping of O and N
around Ti, and estimated the binding energies.
Originally, the analysis of the Q-1 curves proceeded by the addition of Debye peaks
associated with the corresponding interactions.
However, J.F. Enrietto by varying the relative Mn and N contents in Fe showed
[Trans. AIME 224, 1119 (1962)] that the synthesis of the experimental curves
by the superposition of several discrete single relaxation processes does not
succeed at the higher concentrations.

Interaction of heavy interstitials (O, N, C) with substitutional solute atoms (iii)

Modelling
Several models were adopted to interpret the trapping
effect of substitutionals on interstitial O and N giving rise
to “Snoek type” peaks.
- Dijkstra and Sladek (quoted above) assumed a deepening
of the site energy and an increase of the saddle-point
energy around the trap.
- R.A. Oriani [Acta Met. 18, 147 (1970)] worked with
similar assumptions.
- M. Koiwa [Phil. Mag. 24, 81 (1971), Acta Met. 22, 1259 (1974)]
reconsidered the modellistic formulations and developed a
model in which the potential energy at the saddle point is
lowered. In addition, he extended the action of substitutionals
also to the next-nearest neighbouring sites.

- Most recently, Blanter and coworkers re-examined the relaxation spectra induced
by the s-i interactions [M.S. Blanter, J. Alloys Comp. 282, 137 (1999); M.S. Blanter
and L.B. Magalas, Scripta Mat. 43, 435 (2000)] and carried out computer simulations of the relaxation effects taking into account long-range interactions among
dissolved atoms [M.S. Blanter, Phys. Rev. B 50, 3603 (1994); M.S. Blanter, I.S. Golovin, R. De Batist, and S.A. Golovin, Phys. Stat. Sol. (a) 178, 621 (2000)].

The Cannelli-Verdini Peak (i)

First observation of the H dynamics in metals and
determination of its motion parameters:
- G. Cannelli and L. Verdini, Rapports du 5e Congrès
International d’Acoustique, ed. D.E. Commins,
Liège, 1965.
- G. Cannelli and L. Verdini, Ric. Sci. 36, 98 (1966).
- G. Cannelli and L. Verdini, Ric. Sci. 36, 246 (1966).
______________________
Electrolytic charge
H-Ta: EH,D=(0.12±0.01) eV and 0= 1.6x10-12 s
H-Nb: EH= (0.18±0.01) eV and 0= 4.2x10-15 s
Surprising ratio 0H/D= 80 instead of (mD/mH)= √2
as predicted by the classical theory.

This result arrived unexpectedly. Nobody in the
world suspected that hydrogen may have a
quantum behaviour in the matter.

The Cannelli-Verdini Peak (ii)
This low temperature relaxation was called the “Cannelli-Verdini peak”, as a
recognition of a discovery which opened the ERA of the quantum behaviour of
hydrogen, and stimulated subsequent intense research and the formulation of
quantum models and theories.
-1 (T) vs T was fitted by a straight line by Cannelli and Verdini. The possible onset
of an upward deviation at low T was suggested by Nowick and Berry in their
book.
At the beginning the Cannelli-Verdini relaxation was diffusely believed [Nowick and
Berry book] to be the H Snoek peak, i.e. the analogous of the well known O, N,
and C Snoek peaks.
However, after the discovery of the Gorsky effect
in 1968-69 (activ.en. for free long-range migration= 0.11 eV
instead of 0.18 for the C.-V. peak in Nb) it became clear
that this process is governed by a different mechanism.
In 1970 Alefeld and in 1973 Baker and Birnbaum suggested
the H reorientation around O(N).
In 1975 Schiller and Schneiders, using the Bordoni apparatus (*) demonstrated this fact experimentally (no peak
in O-outgassed samples containing H).
(*) In the early sixties, Schiller was sent by Prof. Seeger to the
Institute of Acoustic “O.M.Corbino” in Rome to pick up the
Bordoni anelastic relaxation technique.

The Cannelli-Verdini Peak (iii)

Zapp and Birnbaum in 1980 extended the
-1 measurements to low frequency (10-3 Hz) and
shifted the peak down to 35 K. The -1 (T) plot
clearly revealed a marked deviation from
classical law, which was explained with the Flynn
and Stoneham model (1970) for the polaronlike
incoherent H hopping.

The Gorsky Effect

Long-range particle diffusion

- A non-homogeneous dilatation stimulates the long range diffusion of
mobile defects across the whole sample.
- No conditions on the relative symmetries of host lattice and defect are
required.
h: sample thickness

Predicted in 1935, remained undiscovered for more than 30 years.
Reason: the enormously long relaxation time required to the particles until
then considered (Au in Cu in the Gorsky theory), for the migration over
the macroscopic distance h.
For instance: several months for O migration through 1 mm thick Nb
sample at the O-Snoek peak temperatures.

First observed experimentally by two different methods
After effect

Dynamic internal friction

Electrode

G. Schaumann, J. Völkl, and G. Alefeld

1968 and: Phys. Stat. Sol. 42, 401 (1970).

Sample
thickness
~ 5m

R. Cantelli, F.M. Mazzolai, and M. Nuovo
- Phys. Stat. Sol. 34, 597 (1969).
- J. Phys. Chem. Solids 31, 1311 (1970).
- J. Physique 32, C2-59 (1971).
- Appl. Phys. 1, 27 (1973).

According to Gorsky theory:

1 2 n
Q (T ) =

T n =1,3,5,... n4 1 +  2 n2
−1



h2
n = 2 2
n  D(T )

 is a constant, n the relaxation times contributing to the process, D(T) the
diffusion coefficient of the mobile species.
99% of the process is given by the 1st term: by introducing 1 in Q-1:
Tmax Q −1 (Tmax )
h2
ln D = ln 2 − ar cosh

TQ −1 (T )

R. Cantelli, F.M. Mazzolai, and M. Nuovo
- J. Physique 32, C2-59 (1971)
- Appl. Phys. 1, 27 (1973)

More about Gorsky effect
- H.-R. Sinning [Phys. Rev. Lett. 85, 3201 (2000)] identified an anelastic relaxation process in
several hydrogenated polycrystalline alloys as due to the H long-range diffusion within the grains
under flexural vibrations, i.e. the analogue of the Gorsky effect, but with the H diffusing from the
compressed to the expanded side of a grain instead of the whole sample.
- O. Yoshinari and co-workers [T. Mugishima, M. Yamada, O. Yoshinari, this Conference] measured
the Gorsky effect in the Ta-O-H and Ta-Nb-H systems to study the trapping effect of
interstitials and substitutionals on H.
- The trapping effect of substitutional Ti on the H long-range diffusion was investigated by Gorsky
measurements by Cannelli and Cantelli [Proc. 2nd Int. Conf. on Hydrogen in Metals (Paris), Pergamon
Press, Oxford, p. 395, 1977]. By comparison with Yoshinari data it is seen that:

Ti : a more effective trapping centre
10-9

10-9

D / m2s-1

Ta-0.26H
Ta-0.27O-0.25H
Ta-0.70O-0.81H
Kokkinidis

10-10

(a)
D / m2s-1

10-10

10-11

10-11

10-12

2

3

4

5

6

103T-1 /

K-1

7

8

Yoshinary et al.

◆ Ta
■ Nb0.1Ta0.9
▲ Nb0.25Ta0.75
10-12 ● Nb0.5Ta0.5

3
Cannelli and Cantelli

Koiwa model

4
5
103 T -1 / K-1

6

Thermoelastic effect

C. Zener predicted the thermoelastic relaxation, which
is in close analogy to the Gorsky relaxation.
Phys. Rev. 52, 230 (1937) and Phys. Rev. 53, 90 (1938).
Precise verification of Zener prediction by elastic
energy dissipation measurements:
B.S. Berry, J. Appl. Phys. 26, 1221 (1955): at
room T by varying frequency.

G. Cannelli and G. B. Cannelli
observed the thermoelastic effect as a
function of temperature (60-300 K), and
derived the thermal diffusivity.
Appl. Phys. 1, 17 (1973)
J. Appl. Phys. 47, 17 (1976).

heat

The Precipitation Peak - G. Cannelli and F.M. Mazzolai, Nuovo Cim. 64B, 171 (1969)

Wert interpreted the precipitation peak in terms of
relaxation of dislocations dragging hydrogen:
O. Buck, D.O. Thompson and C.A. Wert
Shoeck
J. Phys. Chem. Solids 34, 591 (1971)
H.Y. Chang and C.A.Wert, Int. Conf. on H in Metals,
Jülich 2, 558 (1972).

G. Cannelli and R. Cantelli
Appl. Phys. 3, 325 (1974)

Trapping of H by substitutional solute atoms
The trapping of H by substitutional impurities was first reported for Nb-Ti-H dilute
alloys in 1977 [G. Cannelli, and R. Cantelli, Proc. of the 6th Int. Conf. on Internal
Friction and Ultrasonic Attenuation in Solids, ed. by R.R. Hasiguti and N. Mikoshiba,
University of Tokyo Press, p. 491, 1977].

1977

1981

Explanation [Beshers]:
later on by a statistical
model:
Cannelli, Cantelli, Cordero
Phys.Rev.B 32, 3573 (1985)
E

S. Tanaka and M. Koiwa
J. Physique C5 42 (1981)
Distribution of site energies

Acoustic Emission
Elastic energy emission - the contrary of elastic energy absorption

Cannelli & Cantelli 1979

H tunnelling at low temperature
Cannelli & Cantelli, 1981

Tunnelling
states

Cannelli-Verdini Peak
Incoherent tunnelling
(still hopping)

E. Drescher-Krasicka and A.V. Granato
J. Physique C10, 73, (1985)

- G. Cannelli, R. Cantelli, G. Vertechi, J. Less Common
Met. 88, 335 (1982).
- G. Cannelli and R. Cantelli, Solid State Commun. 43,
567 (1982)

H-interstitial interaction

Neutron scattering: H. Wipf

H-substitutional interaction: four-level systems

G. Cannelli, R: Cantelli, F. Cordero, F. Trequattrini
Nb-Ti:
- Phys. Rev. B 49, 15040 (1994).
G. Cannelli, R. Cantelli, G. Vertechi:
- Review in: Tunneling Systems in Amorphous
- Appl. Phys. Lett. 39, 832 (1981).
and Cristalline Solids, ed. by P. Esquinazi,
- J. Less Common Met. 88, 335 (1882).
Springer-Verlag, Berlin, Heidelberg, 1998.

E

Cannelli et al., Phys. Rev. B 44, 11486 (1991)

Cannelli et al., Solid State Commun. 98, 873 (1996)

The Future
of
Mechanical Spectroscopy

Conference Topics
1. Point defects, dislocations, grain boundaries, lattice effects and
radiation effects

2. Atom dynamics, diffusion and phase transformations
3. Superconducting, dielectric, magnetic and electric effects
4. Surfaces, interfaces, thin films, nanostructured materials

5. Anelasticity and elasticity characterization of functional and structural
materials:
5a. Semiconductors and ceramics
5b. Metals, alloys and intermetallic compounds
5c. Quasicrystals, amorphous solids and liquids
5d. Polymers and biomaterials
6. High-damping materials
7. Nondestructive characterization of materials
8. New and emerging techniques

Limitations in the use of extended solid samples:
they are not always available

Glue
~ 2 mm

Sample

Mizubayashi

Prismatic Sample suspended
on two nodal lines by thin wires

In modern science and technology only powders are often available
(nanostructured materials, organic and metal-organic matter,
biological matter, etc.)
Solid samples sometimes cannot be used, even when available
(in highly H charged metals, hydride precipitation produces cracking)

New perspectives for mechanical spectroscopy from new
ways of synthesizing self-sustained samples for vibration
Sintered powders:
high TC superconductors
manganites
spinels for Li batteries
__ Powders mixed with KBr and pressed:
alanates
MnAs
Calix[4]arene, p-tert-butyl-calix[4]arene
__ Nano- and micro-structured
powders directly pressed:
alanates
__

__

Deposition on thin films (Si, …) of soft
and fluid matter (stress stransfer):
organic matter
biological matter
carbon nanotubes

ENERGY STORAGE 1:
Hydrogen
as an energy carrier

Hydrogen
Production

Transpor tation

1) eolic electrolysis
of water

Storage
1) compresed
gas

Utilization

Fuel cells

H 2O

2) hydrocarbon
steam reforming

2) liquid
H2

3) solar power

4) bacterial
decomposition
of hydrocarbons
5) gasified biomass

Reaction
Products

3) hydride
or chemically
bound in
solids

low T
combustion

Combustion
engines

high T
combustion

H 2O
+
NO x

Comparison between compressed gas and hydride
(thickness and weight of containers are not shown)

H2 gas
compressed
at
~900 atm

Hydride
with atomic ratio
H/Mg=1

~900 atm gas H2 are necessary to store the same quantity of H
contained in a same volume of a Mg hydride with H/Mg=1
(41.1 gH/kgMg = 4.1 wt% H; 1kg Mg: 0.572 l).

Goal indicated by
the Department
of Energy USA
for 2010: 6 wt%

5 kg hydrogen
gas
at 200bar
300 l, 380 kg
Safety problems

5 kg hydrogen
stored as hydride
in Mg2NiH4 at 4 wt%
60 l, 140 kg

5 kg hydrogen
stored in modified
hydrides or in
new absorbers
at 6 wt%

Main requirements for solid state reservoirs
a) High storage capacity;
b) moderate absorption/desorption temperatures;
c) fast hydrogenation/dehydrogenation kinetics;
d) high resistance to degradation and contamination
on thermal and charge/discharge cycling.
Nanostructuration of the powders: increased
surface/volume ratio

Candidate materials
-Rare-earth based alloys (LaNi5, …).
Low density, low dissociation pressures, low release temperatures.
Limited uptake.
-Ternary and quaternary alloys of refractory transition metals
(Ti-Cr[Me] with Me=V, Mo Zr-Ti-V-Ni, …).
Low temperature release.
High density.
- Mg alloys (MgH2, Mg-Ni-Fe(Pd), Mg-Ni-Re, Re=Nd, …).
Remarkably high uptake (6wt%).
High Hydrogenation/dehydrogenation temperatures.

Novel absorbers
- Alanates (NaAlH4, Na3AlH6, LiAlH4, …).
- Nanostructured carbon (graphite, nanofibers, C60,
single/multi wall carbon nanotubes [CNT]).

- Metal-organic frameworks (MOF’s).

Alanates as hydrogen storage materials
Alanates: sodium/lithium aluminium hydrides compounds like
NaAlH4 and LiAlH4.
- High hydrogen storage capacity.
- The discharge of hydrogen proceeds following 3 chemical reactions:

NaAlH4 →

1
2
Na3AlH6 + Al + H2 (  )
3
3

Na3AlH6 → 3NaH + Al +

NaH → Na +

1
H2
2

3
H2 (  )
2


( )

Na
H
Al

- Realistic use: small additions of Ti makes reversible the hydrogen
charging/discharging reaction, remarkably lowers the reaction
temperatures, and fasten the dehydrogenation kinetics.
- Present hydrogen cycling capacity of Ti-doped NaAlH4 under conditions
relevant to practical operation of a PEM fuel cell: 3.4-4.0 wt%.
- It is not yet known where
the Ti goes in substitution of solutions or just covers the grain surface.

Reversion from the decomposition of a solid system
is a rather striking event, considering that the solid is
ordered in a lattice structure, that the initial and
the ending stoichiometries and symmetries are very
different, and that segregation of the components
takes place (Al in the present case).
No explanation is available at present for this phenomenon, but there is general agreement that the existence of mobile species should be postulated in order
to interpret the evolution of the de/recomposition
process throughout the sample.

Recently we observed, by anelastic spectroscopy,
a very mobile species involving hydrogen, which
appears during the thermal decomposition reactions
and which may provide the key to understand the
microscopic mechanism governing this unusual reversible reaction.
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Alanates - Analysis of the peak After

First set of information from anelastic spectroscopy
Oriele Palumbo, Rosario Cantelli, Annalisa Paolone, Craig M. Jensen,
and Sesha S. Srinivasan
Journal Phys. Chem. B 2005, 109, 1168

1. a new species enters the field of existence after the onset of the
decomposition reactions;
This species:
2. is very mobile (it performs about 1011 jumps at room temperature);

3. is constituted by a point-defect complex (the pre-exponential factor 0
of the relaxation time is of the order of 10-14).
In addition:
4. this point-defect complex involves the presence of hydrogen, as
demonstrated by the isotope effect (see measurements with deuterium)

1
2
NaAlH4 → Na3AlH6 + Al + H2 (  )
3
3

Stoichiometry defects: NaAlH6-x vacancy dynamics
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Bond sites and Ti sites are traps
for hydrogen
What trap is deeper?
The bond!

High Damping Materials
In the field of H in metals, interesting applications for high-damping
materials might derive from the finding that interstitial H in shape
memory alloys greatly enhances the elastic energy loss near the
structural transition:
- H. Mizubayashi, Y. Ishikawa and H. Tanimoto, J. Alloys Compounds
355, 31 (2003).
- A. Biscarini, B. Coluzzi, G. Mazzolai, A. Tuissi, F.M. Mazzolai,
J. Alloys, Compounds 355, 52 (2003).

ENERGY STORAGE 2
Li batteries
Li1-xCo1O2: now in use, but toxic
Spinels: LiMn2O4
The occurrence of a phase
transformation in the temperature
range useful for the application,
prevents its use in batteries
Partial substitutions of Mn such as
Li1+xMn2-xO4
push the phase transformation to low
T, out of the working temperatures of
the devices

Spinels for lithium ion batteries
Li1+xMn2-xO4
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Fig. 1. DSC curves as a function of doping measured on
cooling at a constant temperature rate of – 10 K/min.

Fig. 2. Temperature dependence of the elastic energy loss
and of the variation of the Young’s modulus referred
to room temperature, as a function of doping.
Full (empty) symbols refer to measurements performed
on cooling (heating). The dissipation of the stoichiometric
sample is multiplied by 4 in order to make the variation
visible.

Carbon nanostructures

Bundles of carbon nanotubes

Anelastic spectroscopy in SW carbon nanotubes
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-Peak A is due to a highly mobile species which perfor
ms about 103 jumps/s at 25 K; likely, it is due to the dynamics of atomic H interacting with the 2D CNT lattice.
- Peak B is enhanced after exposure to a H2
atmosphere at 80 K and is depressed after heating at
700 K => It is due to the dynamics of molecular
hydrogen adsorbed on the surface.
- Peak E is due to the glassy dynamics of the bundles of
nanotubes.
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A possible mechanism for Peak B: molecular hydrogen
Motion of ortho-hydrogen
unstressed
magnetoelastic
coupling
hydrogen spin

Small polaron

stressed

site E

H- or H-cluster relaxation

Possible mechanisms for process A: atomic hydrogen
H - hopping
Fully H charged
Partially H charged
Site energy shift due to
H interactions

activation
energy

density of states

Non H relaxation

H

trapping centre for H

atomic species different from H

Metal-organic frameworks (MOF’s)

High TC superconductors
Contributions on YBCO from Mechanical Spectroscopy
-G. Cannelli, R. Cantelli, F. Cordero
- Y. Wang, H. Shen, J. Zhu, Z. Xu, M. Gu, Z. Niu, Z. Zhang
- D.P. Almond, Qingxian Wang, J. Freestone, E. Lambson, B. Chapman
- V.D Natsik, P.P. Pal Val, J. Engert, H.-J. Kaufmann
- S. de Brion, J.Y. Henry, R. Calemczuk, E. Bonjour
- J.R. Cost, P.E. Armstrong, R.B. Poeppel, J.T. Stanley
- T. Chen, J. Zhang, J. Huang, Y. Chen, X. Xie, T. Li, L. Xie
- J.X. Zhang, G.M. Lin, Z.C. Lin, K.F. Liang, P.C.W. Fung, G.G. Siu
-J.L. Tallon, M.P. Staines
- E. Bonetti, E.G. Campari, P. Cammarota, A. Casagrande, S. Mantovani
- M. Weller, H. Jaeger, G. Kaiser, K. Schultze
- B. Kusk, R.Braczynski, M.Gazda, R.Pastuszak, L.Muravski, O.Gkowski
- C. Duran, P. Esquinazi, C. Fainstain, M. Nunez Regueiro
-V. Müller, C. Hucho, K. de Groot, D. Winau, D. Maurer, K.H. Rieder
- Y. Mi and W. Benoit
- L. Wei, T.S. Kê

Relaxation of the Cu-O zig-zag chains
in the CuOx plane

YBa2Cu3O6+x

High TC superconductors
YBa2Cu3O6+x

J.L. Tallon et al., J.R. Cost et al., X.M. Xie et al.
G. Cannelli et al., Bonetti et al.

The O Snoek peak
in YBa2Cu3O~6

G: Cannelli, R. Cantelli, F. Cordero, M Ferretti
Phys. Rev. B

O diffusion in
YBa2Cu3O6+x

High TC superconductors
La2CuO4
doped with Sr and Ba
Cluster Spin Glass Phase
C-SG

: - Cu atom with spin (the O atoms
are not shown)
: - Sr atom above or below the
CuO2
plane
: - Hole rich domain wall

Structural phase transformations
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Collective tilting of the O octahedra in La2CuO4:

NQR and anelastic relaxation
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Extra dissipation due to the stress-induced movement
of domain walls of the cluster spin glass phase
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Thermally activated processes
due to non-stoichiometric
O and O-pairs relaxation

LASCO: a full relaxation spectrum

Multiple memory also above Tg in PLZT 9/65/35
Ageing, rejuvenation and memory are often found in the frozen glass state.
PLZT 9/65/35 presents such phenomena also above Tg both in the dielectric and
anelastic relaxation

cooling with aging
reference
(continuous cooling)

heating with memory

1.01

s'/sref

1.00

compliance s

0.99

1 kHz

frozen
glass
250

1 day
aging

0.98

1 day
aging

T
Tgg

250

300

350

400

super
paraelectric

300 T (K)

350

F. Cordero, F. Craciun, A. Franco, D. Piazza and
C. Galassi, Phys. Rev. Lett. 71, 94112 (2005).

Manganites - La1-xCaxMnO3
Strong dependence of resistivity
on external magnetic field:
“Colossal Magnetoresistance”

Phase transformation at 250 K:
Zener Double Exchange (1951)
Mn3+

O2-

Mn4+

e- cond
e- val

e- val

High T, insulating, paramagnetic
PHASE

Mn4+

TRANSITION T~270 K

O2-

Mn3+
e- cond

e- val

e- val

Low T, metallic, ferromagnetic

Nanoscale inhomogeneity
Coexistence at low T between
insulating and metallic domains
of nanometric size:
typical of glasses
Uehara et al., Nature 399, 560 (1999)
Moreo et al., Science 283, 2034 (1999)

Anelastic Spectroscopy results
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- The peak at 250 K is due to the insulating-conductive phase transition. It is
accompanied by a huge modulus increase with onset at the same T.
- The secondary maximum 30 K below Tc presents a low-T side independent of
frequency and a higher peak intensity at the higher T instead of the T -1 dependence:
typical of frustrated and inhomogeneous systems like the spin glasses and the relaxor
ferroelectrics. The spectra were succesfully fitted according with those models.
The dissipation peak can be due to the stress-assisted fluctuations of the nanometric
magnetic clusters, induced by a strong magnetoelastic coupling.
- C. Castellano, F. Cordero, R. Cantelli, M. Ferretti, D.D. Sarma, Solid State Commun.
120, 317 (2001).
- F. Cordero, C. Castellano, R. Cantelli, M. Ferretti, Phys. Rev. B 65, 12403 (2002).

Biological matter
What is Gene Therapy?
Gene therapy is the process by which fragments of DNA encoding specific
genes are introduced into the cells with the aim of treating diseases.
DNA transfer into the cell: a) viruses as carriers:they can spontaneously change
and become dangerous.
b) through lipid aggregates: less efficient and under
investigation,but not dangerous.

The transfection procedure by lipids
Fragments of
therapeutic DNA

Lipid lamellar complexes

Transfection into the cell
Heads
Chains

Lipids bilayer

Transfection efficiency is maximum when neutral (DOPE) and cationic (DOTAP)
Lipids are mixed together.
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The peak is absent in pure DOPE
and pure DOTAP, but is formed
as soon as the two components are
mixed together.
The process is indicative of
a small readjustment of the
lipid positions.

DOTAP/DOPE

V mode 26.1 kHz
I mode 1.96 kHz
DOTAP 1.95 kHz
DOPE 1.93 kHz
Si:B 1.96 kHz

2

1
0
0
C. Castellano, D. Pozzi, G.
Caracciolo, R. Cantelli
“Dynamics of liposomes gene
vectors studied by anelastic
spectroscopy”, Appl. Phys. Lett.
83, 2701 (2003)
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Correlation between the transfection properties
of the lipid mixtures and the appearance of the
process found?

Zener Discoveries
and contributions

-

Zener diode
Zener theory of anelasticity
Zener thermoelastic effect
Zener relaxation
Zener double exchange mechanism
Zener as being ahead of his time:
high speed impact of particles on rigid surfaces:
premonitory signs of nanotechnology (supersonic
cluster beam deposition).

Contributions from the
Institute of Acoustics “O.M. Corbino”, Rome

- Bordoni peak
- Cannelli-Verdini peak
- Gorsky effect
- Precipitation Peak
- Acoustic Emission from Hydride precipitation
- H-s interaction peaks
- H tunnelling at low temperature
- High TC superconductors
- New frontiers for anelastic spectroscopy (carbon nanotubes,
alanates, other alloys and compounds for H storage,
ferroelectric relaxors [Cordero], organic and
biological matter, …)

Rome Group
Anelastic Spectroscopy in Solids

-G. Cannelli

-F. Trequattrini: H in transition
metals alloys
-A. Paolone: Carbon Nanotubes
and intermetallics
High Tc Superconductors
-C. Castellano: Manganites
Ruthenocuprates
Biological matter (Lipides,
Organic molecules
DNA transfection)
Spinels (lithium batteries)
Alanates

-O. Palumbo:Alanates
La-Ni
H in semiconductors
MnAs

-F. Cordero (CNR):High Tc Superconductors
Ruthenocuprates
Quantum tunneling in
metals and alloys

Concluding Remarks

(Message to the young people)
- Mechanical Spectroscopy (MS) is a very sensitive measurement which
is able to perturb the site energies of atoms to levels such low
as 10-5 eV.
- MS is an indispensable technique to have information on the dynamics
of the mobile species and on phase transitions, and this information
is highly needed and sometimes demanded in modern science and
technology.

- Do not conceive “internal friction” as “internal use”, but face the
frontier subjects and supply the needed information.
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