
Abstract. Microwave irradiation transforms the elasticity of
solids into plasticity by controlling the dislocation mobility via
magnetic interactions within the electron spin pairs on the
dislocations. In ionic crystals, microwaves cause dislocations
to accelerate and increase their mean free path, thus leading to a
release of elastic energy; in covalent crystals, microwaves keep
dislocations in place, thereby accumulating elastic energy and
increasing the crystal strength.Microwave pumping at resonant
Zeeman frequencies (in the magnetic resonance regime) is firm
evidence of the concepts of electron spin pairs and of the magne-
toplasticity phenomenon itself. However, the dominant contribu-
tion to the macroscopic transformation of elastic energy into
plastic flow comes from nonresonant microwaves. These can be
used to control the mechanics of diamagnetic solids, including,
importantly, the earthquake focus. The observed correlation
between magnetic events (such as magnetic storms and hydro-
dynamically generated high-power magnetic pulses) and their
seismic and tectonic consequences (earthquake frequency and
magnitude and deformations) indicates unambiguously that

magnetically controlling the earthquake focus provides a realis-
tic means to prevent a catastrophe by transforming large-mag-
nitude earthquakes into weak, low-magnitude events.

Keywords: magnetoplasticity, dislocation, magnetic effects, earth-
quakes, microwave dislocation stimulation, magnetic earthquake
control

1. Introduction

The mechanics of diamagnetic crystals depend on the
magnetic field. This phenomenon, called magnetoplasticity,
seems enigmatic because crystals revealing this property have
no magnetic components. It is established reliably that the
source of magnetoplasticity is dislocations; the velocity of
their motion depends on a magnetic field [1, 2], and this
dependence is a key to themagnetically dependentmechanics.
It was clear, of course, that during the motion of dislocations
in a diamagnetic crystal, some paramagnetic states subjected
to themagnetic-field action appear, but their nature remained
enigmatic. It was proved experimentally that the source of
magnetoplasticity is the dislocation + stopper system.
Because any contribution of the magnetic field to the energy
budget of this system is irrelevant, we should suggest that the
electron spin (angular momentum) is somehow involved here
and magnetic-field-controlled spin prohibitions exist in the
dislocation + stopper system. However, neither a free
dislocation nor a diamagnetic stopper (a Ca2� type) carry a
spin. Even if a stopper is paramagnetic (for example, Ni3� or
Cu2�), the dislocation + stopper system does not become
spin-selective: it does not have spin prohibitions because the
spin of the initial state (a stopper-captured dislocation) and
the spin of the final state (a detached one: an escaped
dislocation and a remaining stopper) are the same and
cannot provide magnetoplasticity.

The idea of creating a two-spin electron pair (a magneti-
cally sensitive pair) in a stopper-captured dislocation was
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proposed in [3]. It is assumed that an electron is exchanged
between partners, resulting in the appearance of two unpaired
electrons (one at a time on the dislocation and on the stopper)
and the creation of a spin pair in the singlet and triplet spin
states. Thus, a dislocation captured on a calcium ion in a
NaCl crystal can be represented schematically at the atomic
level as (Clÿ Ca2�), where Clÿ is the chlorine ion belonging to
the dislocation (Scheme 1).

The electron transfer from Clÿ to Ca2� occurs without
changing the spin and creates a �Cl Ca��S two-spin pair in the
singlet state S. This is important in the physics of an electron-
spin pair: the captured dislocation is located in a Coulomb
trap. However, the Coulomb interaction in a new �Cl Ca��S
pair is absent and the stopper does not retain the dislocation,
which detaches and continues its motion.

2. Magnetic catalysis of dislocation motion

The arrangement of electron spins in singlet and triplet states
is presented in Fig. 1 and their energy levels are shown in
Fig. 2.

The triplet state in a magnetic field is split into three
substates T0, T�, and Tÿ with the electron spin projections 0,
+1, andÿ1 (Fig. 1). The magnetic field (Zeeman interaction)
induces only SÿT0 transitions, and therefore only the S and
T0 states are populated in the absence of a microwave field. A
resonancemicrowave field changes the orientation of electron
spins, inducing the transition of a pair from the T0 state to the
T� and Tÿ states (Fig. 2) and partially depleting the T0 level,
which is now additionally populated during SÿT0 transitions
due to spin dephasing (Fig. 3).

This means that the microwave field additionally
increases the triplet state lifetime of the pair, thereby
increasing the dislocation detachment probability. In other
words, the pair is a microwave receiver whose pumping at
Zeeman frequencies gbH drastically increases the lifetime of
the triplet pair with the Coulomb interaction switched off. As

a result, the mean free path of dislocations should increase at
these frequencies. Magnetic fields, both permanent and
microwave, excite the pair to the triplet state, from which
the dislocation cannot return to the initial trapped state.
Thus, the magnetic field accelerates and catalyzes the motion
of dislocations, and this magnetic catalysis creates magneto-
plasticity as a physical phenomenon. Scheme 2 illustrates this
process at the atomic level [4, 5].

3. Microwave reception: resonance frequencies

Magnetic resonances at Zeeman frequencies gbH in a spin
pair are the best proof of the atomic±molecular concepts of
magnetoplasticity. Resonances are detected in both ionic and
covalent crystals (diamond, silicon, germanium), which
means that the trapped dislocation with an electron-spin
pair created on it operates as a microwave receiver.

3.1 Ionic crystals
The drastic acceleration of dislocations at Zeeman reso-
nances was discovered in 1998 (Fig. 4) in Ca2�-doped NaCl
crystals [6]. The microwave effect was considerable, and the
mean free path of dislocations increased by 50 to 70% in these
resonance fields. The three resonance frequencies gbH
correspond to the three types of spin pairs and seem to
include partially spin-forbidden resonances, although this
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interpretation is ambiguous. It is only clear that this is, in fact,
the electron paramagnetic resonance (EPR) observed by the
motion of dislocations. As regards EPR, the resonance
intensity is maximal when a permanent and an alternating
field are orthogonal and decreases by an order of magnitude
in parallel fields [7].

The electron transfer (Scheme 1) and the creation of a
�Ca� Cl� spin pair are the first steps tomagnetoplasticity. The
chlorine atom Cl in the NaCl lattice attaches to the Clÿ

anion [8], forming a new �Ca� Clÿ2 � spin pair. This pair is a
microwave receiver providing magnetoplasticity. The 35Cl
(76%) and 37Cl (24%) isotopes have close magnetic moments
(0:82mB and 0:68mB) and the same spin 3/2. The Clÿ2 radical
has 16 electron±nucleus resonances ��2I35� 1��2I37� 1��16�
and is represented in the crystal by the superposition of
�35Cl35Cl�ÿ, �35Cl37Cl�ÿ, and �37Cl37Cl�ÿ in the relative
fractions 9=16, 6=126, and 1=16 [8].

The electron±nucleus microwave spectrum (EPR spec-
trum) schematically presented in Fig. 5 exactly corresponds to
the experimental EPR spectrum [8, 9], and the distances
between EPR lines determine isotropic hyperfine interaction
(HFI) constants. However, both the g factor and hyperfine
interaction B in the Clÿ2 radical are strongly anisotropic and
axially symmetric. The components of the g factor are gxx �
gyy � 2:044 and gzz � 2:001. The HFI components are also
known: Bxx � Byy � ÿ25:8 G, Bzz � �51:7 G [9].

The Clÿ2 radical occurs in different positions in a NaCl
crystal, and hence its molecular axes have different orienta-
tions with respect to the crystallographic axes. Because of the
anisotropy of tensors G and B, the Clÿ2 radical reveals
numerous electron±nucleus resonances. Some of them are
weak and are not observed in the spectra of dislocation path
lengths, but many have almost coinciding frequencies, and
their superposition makes the total contribution to the
acceleration of dislocations. Such numerous resonances
were experimentally observed in many fundamental studies
by Alshits and coworkers (see review [1] of these papers).

Numerous resonances were also observed in the Earth
field; they fall into the radiofrequency range� 1MHz and are
accompanied by the acceleration of dislocations and a

decrease in the microhardness of ZnO, LiF, potassium
triglycine sulfate, and hydrogen phthalate crystals [10, 11].
An example of numerous resonances is shown in Fig. 6. For
the angle y � 2:5� between the edge a of a NaCl single crystal
and Earth's magnetic field direction, only four distinct
resonances are detected. Here, the linear path length l of
dislocations is normalized to the dimensionless path l

���
r
p

(where r is the dislocation density), i.e., to the ratio of the
path length to the mean distance between dislocations. A
considerably greater number of resonances is often observed
[12, 13]. The lifetime of a two-spin pair estimated from the
low-frequency resonance was t � 5� 10ÿ7 s [1].

Resonantly induced large-scale displacements of dislo-
cations in NaCl are observed in the pulsed microwave
pumping regime [13]: in the case of a pulsed resonance for
0.5 ms and the pump amplitude 0.176 G, dislocations are
displaced over a distance of about 102 mm. In the same
crystal in the stationary pumping regime with the amplitude
of 0.025 G, the displacement of dislocations over this
distance requires about 5 min. It is clear that the pulse
produces an explosive, almost coherent, avalanche of
running dislocations. Such a regime actually ensures the
depletion of dislocations in the crystal. We note that the
pulsed microwave irradiation of an earthquake focus also
produces strong effects (see Section 5).

A strong effect was also discovered in Eu2�-doped NaCl
crystals [14]. Here, seven resonances were observed at which
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Figure 5. EPR spectrum of the Clÿ2 radical as a superposition of its

16 magneto-isotopic resonances: (a) three isotopic pairs, (b) complete

spectrum.
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the microhardness of crystals drastically decreased (Fig. 7).
They can appear because the nuclear spin 5/2 of europium
causes the hyperfine splitting of Zeeman levels, thereby
increasing the number of electron±nucleus resonances. The
microwave pumping governs the spin evolution of pairs, in
this way controlling the motion of dislocations and micro-
hardness.

3.2 Covalent crystals
A dislocation in covalent crystals is a chain of atoms with
partially broken chemical bonds, i.e., with free valences and
unpaired electrons on some atoms of the chain (see details
in [4]). As dislocations meet, a spin pair can be produced in
one of the four spin states, S, T0, T�, and Tÿ, each with a
statistical weight of 1/4. In the singlet state S, valences
recombine and dislocations stop, coupled by a chemical
bond. Recombination in the triplet T� and Tÿ states is
completely spin-forbidden (if the hyperfine interaction is
absent), while recombination into the T0 state requires spin
conversion from T0 to S (see Fig. 3). A microwave
resonance field induces transitions from the T� and Tÿ
states to the T0 state (see Fig. 2), from which a transition to
the S state occurs, where the recombination of dislocations
take place. Thus, spin conversion in a pair occurs in the
direction opposite to that in ionic crystals. The microwave
field stimulates the linking and immobilization of disloca-
tions, i.e., induces the dislocation strengthening of cova-
lent-atomic crystals.

Such a strengthening in silicon was observed in [15, 16].
The decrease in the path length of dislocations induced by the
microwave field reached 30±40% and had a resonance
character (Fig. 8).

A strong coupling of dislocations in silicon by microwave
radiation is reliably supported by a considerable increase in
the voltage required for displacing a fixed dislocation [17].
Figure 9 clearly demonstrates that a dislocation is fixed at the
EPR frequency and releasing it requires a considerable
additional shear voltage.

4. Microwave reception:
nonresonance frequencies

Numerous resonances reliably prove the existence of two-spin
pairs and the concept of magnetoplasticity. However,
resonance effects are only a method for studying and under-
standing the physics of dislocations. It is unlikely that even
numerous resonances can provide a considerable displace-
ment of dislocations and the macroscopic conversion of the
elastic energy into a plastic flow. For this purpose, non-
resonance fields are much more efficient.

The precession frequency of the electron spin of the first
partner of a spin pair is

o1 � g1bH�
X

aimi ; �1�

where the first term in the right-hand side is the contribution
of the Zeeman interaction to precession, the second term is
the contribution of the hyperfine interaction, ai are hyperfine
coupling constants, mi are projections of magnetic nuclear
spins of the first partner, and the sum is taken over all i nuclei.
The precession frequency of the electron spin of the second
partner with nuclei j is similarly given by

o2 � g2bH�
X

ajmj : �2�

Spin conversion occurs due to precession of electrons in the
pair; the difference between precession frequencies Do �
o1 ÿ o2 produces a dephasing of spins, i.e., spin conversion:

Do � ��g1 ÿ g2�bH
�� �X aimi ÿ

X
ajmj

�
: �3�

The spin change time in the electron-spin pair, i.e., the spin
conversion time tS, is the total dephasing time (rotation of
spins in the pair by p) given by

tS �
n��g1 ÿ g2�bH

�� �X aimi ÿ
X

ajmj

�oÿ1
: �4�

The complete and illustrative picture of spin conversion is
shown in Fig. 10. The T0ÿS spin conversion is produced by
both the Zeeman and hyperfine interaction, but the T�ÿS
and TÿÿS transitions are stimulated only by the hyperfine
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interaction; in this case, an electron and a nucleus exchange
their angular momenta, performing the common precession
shown by the dots in Figs 10b, c.

The influence of a microwave oscillating magnetic field
on the electron spins of the pair depends on the frequency
o of this field, i.e., on the oscillation period t0 � oÿ1. Low-
frequency fields (for which t0 > tS) cause only spin
dephasing; they act as permanent fields, because the field
oscillation period is much longer than the SÿT spin
conversion time. In other words, the electron-spin pair
`sees' any low-frequency field oscillating at a frequency
tÿ10 < tÿ1S as a permanent field performing the SÿT
conversion via dephasing.

At resonance frequencies, when the field oscillation
frequency coincides with the Zeeman frequency, the SÿT
conversion occurs due to the spin flip. The density of such
resonance fields is low, even in the case of numerous
resonances (discussed in Section 3). Therefore, the influence
of resonance fields can certainly be ignored (except exotic
cases when frequencies are especially tuned to resonance).
This means, in fact, that all the magnetic fields oscillating at
frequencies lower than � 100 MHz can be considered
permanent with respect to a short-lived receiverÐan
electron-spin pair. Magnetic fields oscillating at frequencies
above 100 MHz (if they are nonresonant) are inefficient
because the slow spin system weakly responses to high-
frequency oscillations.

5. Magnetoseismic physics
of the earthquake focus

We now consider an intriguing question: Is it possible to
apply the physics of magnetoplasticity, both in permanent
and in alternating fields, to the physics of earthquakes? In
other words, is it possible to use the magnetic control of
dislocations as means of faulting elastic stresses in the

earthquake focus to avoid a catastrophe by transforming a
large-magnitude earthquake to aweak, small-magnitude one?
The answer to this question should be sought in correlations
between magnetic and seismic phenomena, in their coinci-
dences or noncoincidences; no other way is feasible. In the
case of coincidences, the question formulated above makes
sense, whereas noncoincidences make this question irrele-
vant.

The search for correlations can be performed in two
different ways, which lends credibility to it. We first consider
the relation between earthquakes and magnetic perturba-
tions, natural (magnetic storms) and artificial (electromag-
netic irradiation of the earthquake focus by discharges from a
magnetohydrodynamic generator). Second, we analyze the
influence of electromagnetic fields on the magnitude and
velocity of seismotectonic deformations.

We note at once that magnetic control operates on the
atomic±molecular level (creation andmotion of dislocations).
It stimulates the elastic energy drop preceding the destruction.
Its purpose is to exclude or avoid destruction. The formation
of microcracks and their association and macroscopic
destruction are processes not subjected to magnetic influence.

We note that two types of magnetic phenomena are
known in seismic processes: one of them precedes earth-
quakes by stimulating or suppressing them, while the other
accompanies earthquakes as their consequence. The first
phenomenon can be reasonably called magneto-seismic (it is
considered in this article), while the other can be called
seismo-magnetic. This last occurs as a reflection or conse-
quence of destructive processes: the formation of cracks and
the generation of electromagnetic radiation during an electric
discharge between their banks.

5.1 Magnetic perturbations and earthquakes
The two events, magnetic perturbations and earthquakes,
were excellently analyzed in [17]. Magnetic storms (1973±
2010) were treated as perturbations, with the storm onset
taken as the zero time. The number of large-magnitude
earthquakes �M5 5� that took place 60 min before the
sudden storm onset and 60 min after it was then determined.
If these events are independent, 405 analyzed earthquakes
must be distributed almost equally. However, this expectation
is not confirmed: 230 earthquakes occurred before the storm
and only 173 after it. This shows that the frequency of strong
earthquakes �M5 5� decreases after the storm by more than
30%, i.e., the foci partially lose their elastic energy. This 30%
decrease means that a magnetic storm eliminates each third
large-magnitude earthquake, transforming it into a small-
magnitude one. The thick horizontal straight line in Fig. 11 is
drawn for earthquakes with M � 6:6. We can see that 8
earthquakes with M > 6:6 occurred before the storm and
only 2 after it. Figure 12 shows how the frequency of large
earthquakes decreases after the storm, and the frequency
distribution shifts to the lower frequencies. The authors of
[17] make the statistically reliable conclusion that magnetic
perturbation in the form of storms suppresses powerful
earthquakes. We see below that the key word here is
powerful. Effects of magnetic storms were also discussed
in [18].

Extensive experiments performed for many years have
shown that artificial magnetic perturbations from an MHD
generator also corroborate the relation betweenmagnetic and
seismic phenomena [19±21]. For example, analysis of the
number of earthquakes 30 days before an MHD pulse (m)
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Figure 10. Vector representations of the (a) T0ÿS, (b) T�ÿS, and

(c) TÿÿS conversion; S1 and S2 are the electron spins of the partners,

I is the nuclear spin.
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and 30 days after the pulse (n) showed that m=n > 1 (about
1.15±1.45) for large-magnitude earthquakes, but m=n < 1
(about 0.8±0.9) for weak earthquakes [19].

The total result of numerous observations of magneto-
seismic correlations (irrespective of magnetic perturbations,
natural or artificial) is unambiguous: magnetic perturbations
suppress large-magnitude earthquakes but stimulate or
induce weak, low-magnitude earthquakes. The frequency of
the former decreases, while the frequency of the latter
increases. There is another enigmatic property, namely, the

5±6 day delay of a seismic response to the electromagnetic
signal [20].

At first glance, these effects seem intriguing and contra-
dictory. They are commonly considered to be two indepen-
dent phenomena, and this standpoint makes them inexplic-
able. But this is a single phenomenon rather than two
phenomena: the suppression of a large-magnitude seismic
event means its transformation into a weak, small-amplitude
earthquake. The increase in the number of weak earthquakes
is a direct consequence of the decrease in the number of
powerful earthquakes. Such a synchronism in the suppression
of strong earthquakes and stimulation of weak earthquakes
suggests that magnetic perturbations stimulate a partial drop
in the elastic energy trapped in the earthquake focus by
decreasing its amount and decreasing the magnitude of
dangerous earthquakes. Of course, it is impossible to
eliminate an earthquake, but it is possible to transform it
into a weak and less damaging one.

5.2 Magnetic perturbations
and seismotectonic deformations
The stimulation of weak earthquakes by eliminating stressed
foci should inevitably be revealed in seismotectonic deforma-
tions. This prediction was indeed reliably confirmed in [21±
24] by direct measurements of deformations upon irradiation
of earthquake foci by pulses fromanMHDgenerator. Both in
the Garm region, Tajikistan (1975±1978, 34 MHD generator
firings) and in the North Tien Shan near Bishkek (1983±1990,
113 firings), the mean deformation rates increased by 10±
20 times. Figures 13 and 14 clearly demonstrate this effect:
both deformations e�t� and their velocities v�t� drastically
increase during irradiation with electromagnetic fields from
MHD generators. These observations actually demonstrate a
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slow plastic deformation of the focus stimulated by magnetic
pulses.

Thus, in Garm, the deformation rate before a pulse was
2.42 (in generally accepted conventional units), while in the
pulsed regime the deformation rate was almost 20 times
higher (38.8) [23]. It was also found that the deformation
rate after the pulses was lower than before them. This effect
can be reasonably explained by the fact that a significant
decrease in the elastic energy stimulated by pulses depletes the
focus of the excessive elastic energy.

5.3 Physical mechanics of dislocations in the focus
The magnetically stimulated release of the elastic energy of
the focus occurs through dislocations. This statement would
be undeniable if the focus were a single crystal [25]. However,
it is nonuniform, in both its chemical composition and its
structural morphology. Numerous inhomogeneities produce
numerous surfacesÐ interfaces between microcrystals and
between regions with different densities, compressibilities,
and shear moduli. Slipping along these planes could be the
universal mechanism of elastic energy release, and no earth-
quakes would have occurred in the framework of this
mechanism. It is clear that this macroscopic mechanism
operates weakly, probably due to strong friction between
slip surfaces in a strongly compressed focus. This suggests
that the elastic energy can be accumulated on the atomic±
molecular level and is released in a plastic flow of dislocations.

A key question in understandingmagnetoseismic effects is
then the mechanics of dislocations on interfaces. A disloca-
tion on an interface (for example, of NaCl and CaO crystals)
can produce two effects: relay transfer and local microslip-
ping. A dislocation that escapes, for example, from NaCl to
the interface cannot overcome the interface because of the
incompatibility of the atomic structures of the contacting
crystals and the difference in their atomic potentials. How-
ever, it is for the same reason that a dislocation fromNaCl can
initiate a dislocation in CaO, and this phenomenon can be
treated as a relay of dislocations. Another effect is also
possible. A change in potentials can initiate a microscopic

shear, microslipping along the interface, which can add to
produce local microdisplacements along the slip surface. It is
possible that a delay between the electromagnetic pulse and
seismic response is caused by this microslipping (see above).

Any tangential stresses in interfaces inevitably produce
shear deformations and create new dislocations, providing
their relay. We can assume that the focus is saturated with
trapped `sleeping' dislocations, and a microwave magnetic
field induces their `awakening', stimulating their motion and
decreasing the amount of elastic energy stored. In the
framework of these concepts, all the magnetoseismic effects
considered above acquire a physically reasonable explana-
tion.

6. Conclusions

The magnetoplasticity of crystals induced by microwave
fields is a remarkable phenomenon, opening the way for
magnetic control of themechanics of solids. Themechanics of
the earthquake focus is especially important. A high correla-
tion in a series of magnetoseismic events shows that the
microwave magnetic control of the earthquake focus can be
performed artificially, providing a partial release of the elastic
energy of the focus and transforming a dangerous, high-
magnitude earthquake into a weakened, small-magnitude
one.
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