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Abstract

Most experimental observations of quantum effects in solid state physics deal with the stationary and collective behaviour
of large aggregates of elementary mechanical oscillators. The analysis, however, of sudden and highly localized processes
occurring at single oscHiatoss may lead to a more complete understanding of the coupling between microscopic and macroscopic
guanium properties. @ 2002 Elsevier Science B.V. Ali rigits reserved,

1. Quantum rigidity

Let us consider the scatiering of, say, X quanta, or
clectrons, or newrons, or light neutral atoms, by an
aggregate of mechanical oscillators. The process oc-
curs as a sequence of sudden, highly localized events,
involving in principle one single oscillator at a time.
From a classical point of view, the probability of a
non-dissipative scattering is vanishingly smal: a per-
lectly elastic behaviour may only be conceived, in-
deed, in the Himit of perfectly rigid microscopic bonds.
From a quantum point of view, on the other hand, there
exists a finite probabifity for the system 10 be left in its
initial level of mechanical oscillation {1]. This feature
is confirmed by many experimental evidences.

In Compton’s experiment of X-ray scattering by the
atoms of a graphite crystal [2] the observed scautered
radiation spectrum includes two different peaks: the
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first peak. corresponding to the standard Complon
effect, is upshified (in wavelength) with respect 10
the incident radiadon, and is currently explained as
a photon scattering by the most exiernal, and almost
free, orbital clectrons; the second peak, in its trn,
is centered around the incident wavelength, and is
attributed to strongly bound orbital electrons. In this
second case the entire atom behaves like a upique rigid
body, with an effective scattering mass thousands of
times larger than the electron mass,

When an incident particle is scattered by a diatomic
molecule, such a molecule ofien behaves like a ngid
body, preserving its initial internal energy level 3.4].
After having mixed, for instance, a diatomic gas
with 2 monoatomic onc at a higher lemperature, the
thermalization time of the two gases is seen lo be
much shorierthan the excitation time of the vibrational
internal levels of the diatomic molecules: a clear proof
that the diatomic molecale has a high probability of
exhibiting a rigid behaviour.

Analogous features were described in Ref. {5],
concerning the case of 4-atomic molecules.

(1373.9601/02/5 ~ see front matter € 2002 Elsevier Science B.V, All vights reserved.

PIL: 50375-9601(02100520-0



280 R. Giovanelli. A, Orefice / Phvsics Letters £ 298 (2002) 279-386

When the number of atoms of the target is very
large, as in the case of a macroscopic crysial lagtice,
a local impulsive process (scattering, absorption or
emission) affecting a single nucleus may oceur in
phononless way, without any encrgy exchange at all,
thus implying a perfectly rigid and elastic behaviour of
the whole lattice: the most spectacular case is provided
{6,7] by the Missbauer effect (ME), where no recoil
is observed in the emitting/absorbing nuclei, and no
Doppler shift is presented by the relevant spectral
lines. The fraction f of oscillators undergoing sn
clastic process may be writien in the Debye-Waller
(D-W) form [8]

Er .
exp[—_%EkBTD:I, for T = 0K,

f= _
exp[—~6 —9{—2] for T T—D.
kpTp 2

(1)

where kg is the Bolizmann constant, 7 is the iemper-
amre of the system, Tp is the Debye temperature and
LEp = p2 [2M (being A the atomic mass and p the
transferred momentum) is the free recoil energy.
Phononless transitions, indeed, had already been
observed (see, for instance, Refs. [9-15]) several
years prior to Mossbauer’s discovery, as narrow lines
in absorption and cmission spectra associated with
clectron transitions between states pertaining Lo ion
steuctural defects (the so-called impurity centers) in
crysials. After the absorpion/emission of an optical
photon there is in fact a finite probability that the
recoil potential energy is not dissipated as heat in
the crystal, and that the system is left in its ground
state of mechanical vibration. Gurney and Mot [16]
suggested that an electron, raised to the excited suate
by light absorption, can be thrown into the conduction
band by lattice vibrations before it has the opportunity
1o remmn to the ground state, and that such non-
radiative transitons vary with temperature according
10 a D-W-like expression. The most recent form of this
cxpression, applied 10 very low temperature lattices,
is known as the Huang-Rhys facror {17]. Large
values of f are frequently observed in lines of laser
transiions in ruby and in some impurity transitions
in semiconductors. In such instances one typically
observes only the sharp zero-phonoens transitions, the
multi-phonon structure being lost in the noise. Zero-
phonon transitions, in which a photon is absorbed with

no transfer of energy to the lattice phonons, appear as
a line which, in an idecal crystal at absolute zero, would
have a breadih determined only by the lifetime of the
excited electronic state [18]. The difficulty, however,
of distinguishing the signal from the noise when
operating on low-energy photons (with line-widths of
the fluorescence diagrams many orders of magnitude
larger than the characteristic Mtssbauer peaks) made
the experimental results much less spectacular and
self-evident than the ME. The rigidity implied by these
resulis did not attract, therefore, the attention it could
deserve.

The rigid behaviour characterizing, in conclusion,
s0 many aspects of physical reality (from elementary
to very complex aggregates of mechanical oscillators)
cannol find its justification in forces of simply elec-
irostatic nature, such as the ones assumed 1o act be-
tween the atoms of a crystal. One conld suspect, more-
over, that non-dissipative, recoilles processes which do
not perturb a microscopic oscillator (behaving as if it
were rigidly bound o its center of oscillation), call into
question the very applicability of the uncentainty prin-
ciple: no destruction of knowledge [19] of the oscilla-
tor momentum, indeed, is cansed by a measurement of
its position based on the detecton of a particle scat-
tered without perturbing the oscillator issell,

The present Letter aims at pointing out, in this in-
teresting and somewhat neglected field of discussion,
the physical implications both of the experimenial re-
sults and of their current treatment and interpretation.

2. Quantum rigidity in momentum transmission

The frequency spectrum of o macroscopic lalice
ranges between a minimum frequency oy, corre-
sponding to wavelengths of the order of the crystal
linear dimensions, and a maximum value wpy = ap
(where wp = kgTpn/ht is the Debye frequency of the
laitice), corresponding to wavelengths of the order of
the average interatomic spacings. In the presence of
an impulsive solicitation one could expect, because of
the large number of available low-energy levels, the
exciation of at least the lower part of the frequency
spectrum, and therefore an energy exchange with at
least the less energetic internal oscillation modes, cov-
cring ¢ wide region of the crysial itself [20]. The ob-
served evidence, however, that sudden and localized
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processes may occur without any energy exchange at
all, leads to a striking coniradiction: on the one hand,
the fact that low energy levels are not excited appears
1o be a proof that an atom undergoing the localized
elastic process has not the time to “"communicate” with
distant atoms of the lattice: on the other hand, the fact
that no recoil is exhibited by the single atoms involved
in the elastic process suggests that the imparted mo-
mentum is immediately shared with the whole lattice.

Let us consider, for instance, the scatiering of
thermal neutrons (v &= 10° cm/s) from heavy nuclei.
The crossing ume Ar of the neutron through the
region defined by the range of the nuclear forces
(2 10~ ey may be estimated around 0195 21,
Although a mechanical “message” between atoms and
lattice can only wavel at sound’s speed, ket us admit
for a moment an electromagnetic nature of such a
“message” [22]. In the time Ar an electromagneltic
signal may cover a distance of the order of 3 x
10~? cm, even lower than the average spacing between
1wo atoms in a molecule or in a crystal lauice, which is
around 1 A. Not even an electromagnetic message may
altow, therefore, the transmission of the (hypothetical)
force required to provide the rigidity implied by the
absence of recoil.

Let us pass now to a crystal impurily, consisting
even of a single atom. Differently from the afore-
mentioned case of {low-energy) electron transitions in
color centers, let us consider a high energy process,
where the nucleus itself of the impurity is submit-
ted to a sirong impulsive solicitation. This solicitation
raises anharmonic oscillations whose frequencies do
not belong to the cigen-spectrum of the lattice, which
should remain therefore, in principle, strictly local-
ized. Let us consider, for instance, in order o fix ideas,
the case of an atom of UK, excited by a high energy
neutron impressing to the nucleus a recoil energy of,
say, 800 eV [23]. The perturbation causes a consider-
able radiation damage and local heating, including the
expulsion of the atom from its position in the lattice
and a (fusion-like) breaking of the crystal bonds, fol-
lowed by a new crystallization of the damaged zone.
All these features must necessarily occur in a time
not longer than 1/10 of the life-time (= 4 ns) of the
excited nuclear state: after 4 ns, in fact, a 29.4 KeV
y-guanmm is emitted (and may be observed) which is
not affected by the pravious perturbations, as proven
by the {act that the fraction of nuclei undergoing ME

is provided by the D-W expression applied to the un-
perturbed erystal. According to Ref. {24] the recoil en-
ergy diffuses out of its initial focalization in a time of
the order of 10~1? s, i.e., much before the Masshauer
emission. In such a time, however, an acoustic mes-
sage may only travel through | A: a mechanical per-
turbation would not even have time enough to reach
the closest atoms in the latlice.

This apparent disappearance of the local oscilla-
tions has been attributed 1o various mechanisms {25],
such as, for instance, the creation and re-absorption
of localized phonons, with an overall energy balance
close to zero. This interpratation leaves, however, an
even more entangled situation. In order to accept it we
should renounce, in fact, to the idea of photon emis-
sion, in favonr of a wave-lrain behaviour allowing to
exchange momentum all along the life-time of the ex-
cited nuclear state. It is quite clear, moreover, that if
even a small part of the wave-train were submitted
10 a perturbation, new harmonics would arise which
would stongly affect the photon statistics. Refl [25]
suggests the existence of a deep connection between
guantum rigidity and zero-point oscillation energy:
in the localized oscillations the phonons would be,
somehow, quickly eliminated, leaving a sirongly de-
formed zero-point frequency spectrum. According to
Ref. [26], however, this suggestion appears o imply
the enhancement, due to localized perturbations, of
any kind of elastic interaction (ME included), in sharp
contrast with the D-W expression written {(as men-
tioned later on in the present Letter) in terms of atomic
mean square deviation from the equilibrivm position.

3. Quantum rigidify in resonant absorption and
reflection of y radiation

Let us consider, in order to fix ideas, a crystal of
5TEeBOy. Were the nuclei of *7Fe in an excited siate,
they would emit (with a decay-time ¢ 9 x 10-7 $)
photons at Ep = 14.41 KeV. Let us imagine now to
launch against such a {nof previously excited) crys-
tal a flux of photons endowed with energies centered
around Eq and generated, for instance, by means of
synchrotron radiation sources [27]. The D-W expres-
sion predicts a large fraction of resonant Mossbauer
absorptions, which are made possible by the rigid be-
haviour, within the crysial lattice, of the atoms con-
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taining the absorbing nuclei: the absence of this rigid-
ity would compromise, in fact, the resonance itsell. No
absorption process oceurs, however, if the y radiation
hits the crystal at Bragg angles, since it undergoes, in
this case. a resenant elastic reflection. For each quan-
1, the probability (often approaching 100%) of elas-
tic reflection depends on the stationary wave-field dis-
iribution “anchored™ at the crystal lattice for the entire
duration of the wave train accompanying the imping-
ing quantum itself. According to quantum mechanics,
in fact, the wave propagation occurs in the general
terms of classical electromagnetism, thus implying the
formation, due to the collective hehaviour of the crys-
tal, of a stationary patiern {generated by the interfer-
ence of the incident and reflected waves) where the
nodes of the electric field in correspondence with the
nuclei reduce almost 1o zero the probability of any ab-
sorption process [28]. Should the well ordered struc-
wre of such a pattern disappear, a total resonant ab-
sorption of the Mossbauer fraction of impinging pho-
wns predicled by the D-W expression would occur,
Clearly enough, the stationary character of the pattern
allowing elastic reflection may only be warranted by
the rigidity of the lattice at which the pattern iself
is “anchored”. Another basic requirement is the rigor-
ous coherence of each wave-train: a property which is
only possible for single-photon wave-trains. At high
{requencies, in fact, no coherent source may ensure
a coherent, laser-like radiation, and the photons of a
beam turn out to be uncorelated. Each photen can
only be guided along the interferential pattern by its
own wave-train, and the apparent role of this mono-
photonic wave is to modify (without energy exchange)
the statistics of the zero-point electrical oscillations in-
iernal 10 the nuclel.

Any resonant elastic absorption and reflection pro-
cess require, in conclusion (in different forms) the
quantum rigidity of the aioms iavolved in the inter-
action.

4. Experimental aspects of the rigidity problem

The phononless character of elastic processes such
as the ME was always direcdy inferred, so far, from
the properties of the relevant y radiation spectra.
These properties were neat and reliable enough to al-
low many kinds of measurements endowed with an

unprecedenied precision, requiring, moreover, rather
simple and low-cost equipments. That is why the ME
was considered to provide much more an excellent di-
agnostic tool in the most disparate branches of physics
and chemistry than an interesting (and, in fact, fun-
damental) topic in kself. It is nowadays possible io
utilize, however, for 2 more complete understanding
of the coupling between microscopic and macroscopic
properties of a crysial lattice, many recently acquired
experimental techniques and facilities, allowing ex-
wremely high spuce and time resolutions [29]. The
timing properties necessary for time-resolved nuclear
spectroscopy are of the order of some ps, with diver-
gence for an X-ray beam of the order of some urad.

A possible way to verify the existence (or the
absence) of an acoustic recoil phonon due o the
absorption/emission of a4 ¥ quantum could be based
on the piezo-electric creaton, in a suitable crystal,
of electric charges due to an acoustic wave. The
detection of such a wave {composed of 2 small number
of phonons) within a length, ot most, of some tens
of Angsudms, would require of course very high
time and space resolutions. The dynamics of low-
intensity phonons has been explored, $o far, by means
(for instance) of superconducting (Josephson) tunnel
junctions [30,311. Since, in any case, the momentum is
finally transmitted 1o 1he center of mass of the crystal,
the piezo-clectric approach would shed light on the
details of this transmission.

The techniques nowadays employed [or the delec-
tion of transient phonons in crysials [32] could allow
10 deteci the phonons generated by the inelastic inter-
action of single nuclel with resonant X {or y) radia-
tion, and to point out the phonon absence when the
interaction trns out 10 be elasuc. The inelastc in-
teraction of single ¥ photons with Méssbauer nuckei
was observed by Scto et al. {33} and by Chumakov et
al. [34] and seen 10 be accompanied by single, high-
energy phonons {35].

Concerning, finally, the measurement of the lengih
of the wave-train associated with a single y photon,
and the self-interferential, single-photon character of
the process, many fundamental experimental results,
involving in an essential way the rigidity of a frae-
tion of the atoms of a lattice, were summarized in
Ref. [28]. An analogous behaviour was observed by
means of the so-called EXAFS (extended X-ray ab-
sorption fine struciure) method [36], applied 1o the
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de Broglie waves associaied to the elecirons extracied,
for instance, by an X photon {rom the X level of an
atom. According to the standard quantum approact,
these waves base their own reflection {and therefore
the electron extraction) on a previous, virtual {i.e., par-
ticleless) test of the rigidity {described by a suitable
D-W probability factor) of the nearest atoms. This fea-
aire is testified by the measurement of the oscillations
{around the average value) of the X-ray absorption co-
efficient of the involved atoms, for energies beyond
the minimum excitation threshold of the K level. High
precision results were obtained in this field by means
of the most recent X-radiation sources {the so-called
undunlatorsy, and are accounted for in Ref. [37].

5. Theoretical aspects of the rigidity problem

The impulsive processes undergone by single atoms
of an aggregate of oscillators without modifying the
energy of its inmternal eigen-states still constitule a
challenging theoretical problem.

The observed rigidity is often attributed to the role
of the so-called reciprocal vecior g, o quantity {defined
as the product of two suitable vectors characterizing
a reticular plane of a crysial) originally employed for
the description of light reflection from such a piane
{38.39]. When, successively, experiments concerning
X-rays were performed, the use of the vector g was
maintained [40], as if the recoil due the radiastion
could still be neglected, thus associating to the crystal
a rigidity on whose nature no farther question was
raised. [t was simply assumed as a mader of fact in all
cases of clastic scattering, and rejected in the inelastic
{raction of cases predicted by the D-W cxpression.
The rigidity snggested by the experimental resolts
is currently, more or less expliciily atributed to the
vector g by assuming it as much more than a mere
abstraction: in all scattering events, for instance, the
guantity fig is often assnmed to contribuie in an
essential way the overall momentum balance {41). Itis
clear, however, that such a vector cannot be understood
as an effective physical reality.

In view of a more serious and consisient reaument
of the questions raised by quanmm rigidity, et us
consider now the possible approaches 1o the problem.

The dynamices of & crystal lattice may be classically
described either by means of the local variables, ex-

I
el
P

pressing the displacements of the single atoms from
their equilibrium positions, or by means of the normal
variables, provided (under the condition of leading w0
separable dynamical equations) by suitable lincar su-
perpositions of the full sel of the local variables [42].
Although the normal variables give a description of the
stationary oscillations of the whole crystal around its
equilibrium configuration, they always allow, in clas-
sical mechanics, a final return 10 the local variables
which describe the individual atomic behaviour [43,
44]. Localized, impulsive events may therefore be ex-
plicated in terms of the local atomic coordinates af-
ter a preliminary set up and solution in terms of the
normal variables. Classical mechanics, however, does
not admit the possibility of impulsive processes leav-
ing the full set of internal eigen-modes in its initial
state. Quantum mechanics, on the contrary, is well fit
to envisage z finite probability of a rigid behaviour
leaving the interacting system in its initial level of me-
chapical oscillation. A simple example is provided by
the case of a single particle with mass M oscillating,
with a (single) frequency e, in 2 one-dimensional ex-
ternal harmonic potential kx? /2, solicited by an exter-
nal tme-dependent force F(t). In the quantum ireai-
ment [45] (characterized, in the absence of perturba-
tions, by a discrewe setof levels n==0, 1.2, .. .} a tran-
sition n — n, leaving the sysiem unperturbed, occurs
with a probability

Ppn= BXP[—&‘U(! )]ILM (&)(”)P- ()
with

1 2
eplly = TR / Firyexp(—imtydt| . {3)

0

where L, is a Laguerre polynomial. If the oscillator is
initially moving in the ground state (r =), ils wave
function is a Gaussian, and Py_.g may be wrilten in
the form

Pyp = eF 0, 4

where (v7)p is the mean square deviation of the
position of the oscillator from its equilibrium value in
the ground state.

According to Eq. (2) a single oscillator may react to
a sudden impulse as a perfectly rigid body (i.e., witha
final state coinciding with the initial one), a5 allowed
by the external harmonic potential, which behaves like
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an infinite absorber of momentum: a quite academic,
indeed, and not very realistic Ansatz.

The more realistic case, however, of an aggregate
of mechanical oscillators at temperature T, where
a single atom undergoes an impulsive solicitation,
appears to be much less simple and academic. Eq. (2)
turns out 1o be replaced [46], in this case, by an
cxpression of the form

N a?
Pﬁ_.,-,mcxp[—RZ = +1>} (5)
=1

[£1)

where # is the number of phonons at thermal equilib-
rium in the th mode of oscillation:

i -
noweNp kB_T -1 . (6)

n represents the set of »  defining the stale of the
crysial lattice, R is the recoil energy of a single free
atom subject to the perturbing impulse, and a7 is the
weight of such a mode on the motion of the perturbed
atom. According to Eq. (3), the probability Pz of
a transition leaving the whole aggregate in the initial
state is appreciable only in the absence of low encrgy
phonens, in agreement with the previously mentioned
observation that no low frequency of the lauice is
fourd to be excited in elastic events. The choice of
the physical model allowing 10 evaluate the weighting
factor a* is therefore a crucial point of any theoretical
approach.

An impulsive solicitation may be due, for instance,
to the emission (induced by the absorption of an X
quantum) of an electron from the X level of an atom.
In this case, the effect of thermal disorder on the
EXAFS specirum [36] is generally taken into account
by a parameter (the so-called “EXAFS D-W factor™)
which has a different value for each shell around
the absorber atom. When the distribution function of
the surrounding atoms is not a Gaussian, the relevam
D-W factor Is very close to Eq. (5) with s £ 0.

In the limit T — 0, when all the 3N values of n
defining the vibration spectrum of the crysial tend to
zero, a O — 0 wansition is the only possible elastic
one, and Eq. (3) may be put, within the Debye
model, in a form analogous to Eq. (4). This form
coincides with the archetypal one of the Debye~Waller
expression [47], which. for an assembly of oscillators
altemperature 7', may be reduced, by means of tedions

but straightforward passages, to the form (1). The role
played by the ground state oscillation level (because
of its impossibility to losc any amount of mechanical
energy), may provide, indeed. a plausible explication
of the observed absencc both of spectral Doppler
shift and of atomic recoil. No answer is provided,
however, by the D-W expression to the problem of the
mechanism allowing the instantaneous propagation
the whole solid (or even 10 the closest aloms) of a
local perturbation when any local energy exchange is
forbidden.

Fven the very formalism to be adopied is far from
being self-evident. Although. indeed, the use of the
local variables may appear 1o be the most suitable to
describe the recoil of a single atom in a macroscopic
lattice and the instantaneous rearrangement of the
neighboring atoms, any attempt 1o face the problem by
means of these variables has encountered, up 10 now,
almost insurmountable difficulties. In Ref. {48]) for
instance, formally correct and self-contained results
were obtained in terms of local variables, bul mmed
out to be practically useless {rom the peint of view of
numerical compuwtation and handling.

On the other hand, as far as normal variables are
concerned, although they mrn out o allow an easy
quantization of a crystal, they unavoidably view it as
a unique physical system submitted to slationary, col-
lective oscillations, in sharp contrast with the features
of a local impulsive event. In the guanium case, more-
over, no final return is possible to the local variables
required by the weatment of local perturbations. In
terms of normal variables the quamum rigidity of mi-
croscopic bonds is described [46] under the tacit as-
sumption (ignoring the problem of interatomic com-
munications) that an aggregate of mechanical oscilla-
tors generates a momemnum-absorbing potential anal-
ogous to the external potential acting on a single oscil-
lator. In other words, te rigid behaviour of a macro-
scopic aggregate leads to assume, rather than to ex-
Plain, the rigidity of the erystal potential, which is cer-
tainly not implicit in the postulates of guantum me-
chanics: it is a property, on the contrary, which any
consistent model should expressly justly,

6. Conclusions

In conclusion, the role, suggesied by the D-W
expression (10 be viewed as an empirical description,
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and not as a physical interpretation), of the zero-
point mechanical oscillation spectrum [46,49] in all
clastic phenomena is quite plausible. While, indeed,
the presence of the fthermaf phonon spectrum is
limited, below the Debye temperature, to the lowest
frequencies, the entire spectrum is always present and
active in the zero-point (phononiess) oscillations. The
zero-point background has therefore the possibility, in
stationary conditions, of acquainting each atom of the
crysial with the characteristics of the whole lattice to
which i belongs, including its irregularities, which
strongly affect the spectral structure of the crystal
oscillations.

Within this logical {rame, the main question, In
view of an adequate theorctical treaimenl, concerns
the creation, due to the zero-point background, of
a coalescence able either to absorb the impulse due
to a sudden and localized force acting on a single
nucleus, or 1o transfer it to the center of mass of
the crystal: a transfer which must turn out o be
both instanianeous (thws avoiding the nuclear recotl)
and selective (1.c., limited 10 the D-W fraction). The
natiral zero-point oscillations, through the role of
their momentum spectrum, may be responsible of the
self-preserving character of the zero-point structure of
the Iattice. This could avoid (in a fraction of cases
predicted by the B-W expression) the excitation of
acoustic phonons which would destroy the elastic
character of the process.

A subsequent paper should try to make plausible
the existence of 2 zero-poinl momentum reservoir,
providing an instantaneous balance, in any possibie
direction, 10 a wide range of suddenly and locally
imparted momenta, thus justifying the elasticity of
quantum bonds in solid structures.
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