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Magnetosensitive reactions in ionic crystals during
their plastic defermation
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A new method for investigating spin-independent chemical reactions between radical
centers at point defects and dislocations in solids is proposed. The method is based on
studying the mobility of disiocations in a field of mechanical stresses. The application of a
magnetic ficld with induction B = | T results in a change in the state of the defects of the
crystal lattice in ionic crystals, which can be observed a long time (up to 103 s) after
switching off the field. Radical reactions were analyzed in which the kinetics of changes in
the magnetic field can cause the cffect of magnetic “memory” in distorted microregions of

the lattice.
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ft is known that ionic crystals of the NaCl type
formed from ions with complete electronic shells are
diamagnetic.! Distortions of the crystal lattice near dis-
locations and doped centers can result in local rear-
rangement of the electronic structure and the appear-
ance of electronic levels in the forbidden band.? For
example, paramagnetic defects in an ionic crystal can be
considered by their chemical properties to be free radi-
cals. These defects can be unpaired electrons localized
at point detfects (doped atoms, vacancies, radiation de-
fects and their complexes) or dislocations. Due to their
low concentration, the existence of these radicals in a
crystal has a weak effect on the magnetic susceptibility
and other volume properties of the specimen as a whole.
However, they can play an important role in chemical
reactions.

The velocity of motion of a dislocation in a field of
external mechanical stresses is likely a convenient func-
tion of the response to the state of crystal defects and to
chemical processes occurring in the defects. The veloc-
ity of motion of dislocations in ionic crystals is mainly
limited by their interactions with hindrance points con-
taining dopant atoms. The dislocations play the role of
an atomic-scale probe that reacts to the state of these
centers. The main reason for delay of dislocations is the
field of elastic stresses of point defects. The existence of
radicals at dislocations and point defects suggests that
along with the elastic interaction of dislocations with
point defects, short-range exchange interaction can con-
tribute substantially to the energy of their interaction.
This interaction can appear in a quasi-moiecule consist-
ing of radicals that belong to a dislocation (Ry) or a

point defect (R,). This quasi-molecule can be formed in
the process of carry-over of the dislocations at a hin-
drance point, if the distance between radicals Ry and R,
is close to the lattice parameter a. It decomposes due to
the action of mechanical stress on the dislocation, which
is related to the thermal activation barrier, whose height
is determined by the sum of the energies of elastic and
exchange interactions. To elucidate the significance of
the latter in the delay of dislocations, it is enough to
compare the efficiency of its action and the elastic stress
field. Taking into account the thermal activated charac-
ter of overcoming the hindrances by dislocation,3 the
efficiency of the short-range exchange interaction be-
tween the dislocations and defects in the bulk is deter-
mined by the following correlation

J = N explE,/tkg DY/ Noexpl Eq/ kg T,

where Ep = 0.1 eV and £, =~ | eV are the characteristic
energies of the elastic and exchange interactions, Ny and
N. are the numbers of cases in which elastic and
exchange interactions between a dislocation and hin-
drances are established per surface unit. Let us take into
account that Ng/N,, is ¢=termined by the average dis-
tance d between unpaired electrons at the dislocation,
which can be estimated from the data on charges at the
dislocation,4 according to which 4 ~ 102—10? a. There-
fore, Ny/Nee = 1077 and j = 1. Thus, chemical reactions
between the radicals at the dislocations and in the bulk
crystal can introduce a noticeable contribution to
strengthening of the crystal. The state of the radicals at
defects can also be estimated from the mobility of the
dislocations.
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At the same time, the kinetics and yield of the
radical reactions under certain conditions are rather
sensitive to a static magnetic field (MF) at room tem-
perature.56 In this case, the mechanism of the MF
action is unusual. The energy imparted to the crystal by
a field with induction 8 = | T per radical is equal to
E, = ppgB~ 107% eV (g is the gyromagnetic factor of an
electron and ug is the Bohr magneton), which is two
orders of magnitude lower than the energy of thermal
oscillations £, ~ kT~ 1072 ¢V at 7= 300 K and does
not allow one to explain the change in the reaction rates
by the action of the energy of the field. This effect can
be caused’™? by the change tn the muitiplicity of a
radizal pair in a MF when two radicals approach to a
distance at which the difference in the energies of the
singlet (S} and triplet (T) states are comparable with £.
If the time of the S—T-transition is considerably less
than that required to establish a thermal equilibrium in
the system, thermal oscillations have no time to affect
the probability of the transition. An important condition
of the effectiveness of this mechanism is a great number
of attempts to form a pair during the period when the
radicals exist in the vicinity of each other. It can be
expected that this condition is fulfilled for solid-phase
reactions better than for liquid-phase reactions due to
the lowered mobility of the radicals and the action of
mechanical stresses that hold the dislocation to the
hindrances.

Thus, the measurement of the mobility of disloca-
tions or the plastic properties of crystals determined by
the mobility can be used for obtaining information on
the state of radicals, the kinetics of radical reactions,
and the effect of MF on the kinetics. The purpose of the
present work is to observe radical reactions in crystals
whose sensitivity to MF results in alleviated slipping of
dislocations, as well as to study the activation param-
eters and specific features of the kinetics of these reac-
tions in MF.

Experimental

Changes in the velocity and in the value of the plastic
deformation of crystals a short time (from 20 to 200 s) after
switching on MF were monitored using an induction detector
on a two-coordinate recorder.

Results and Discussion

The rate of the R +R, reaction, which depends
linearly on the frequency of collisions of the radicals at
the moving dislocation with point defects f, was deter-
mined from the relative velocity of the plastic deforma-
tion of the crystal € or the mean velocity of individual
dislocations v. This approach is based on the Orovan
correlation € = bpv and evident equality f == ChalLyv (b
and L are the mean values of the Burgers vector and
dislocation lengths, p is their density. v is the concentra-

tion of the radicals on the line of dislocations, C is the
volume concentration of point defects, and a4 is the
lattice parameter).

In the first (1) series of experiments, crystals were
deformed linearly by mechanical stress of uniaxial com-
pression increasing with time £ o = kt. The process of
crystal deformation lasted from 3+ 102 to 2- 103 s.

In NaCl and XC! crystals doped with Ca®* and in
LiF crystals doped with Mg2*, Ca?*, and other cations,
weakening of the crystal was observed in MF. This effect
is manifested as a decrease in the yield point by 10—
20% when the crystals are deformed in MF and as a
decrease in the strengthening coefficient do/de when
MF is switched on after attainment of the yield point.
The latter could be seen in the fact that at the instant
when the field was switched on, the slope of the diagram
£(o) increased compared to the slope of the region of the
diagram 20—200 s before MF was switched on. During
the whole period of the MF action on the crystal, the
slope continued to increase and returned to its initial
value (in the absence of MF) only after MF was switched
off (Fig. 1), i.e., the weakening is reversible. Switching
on MF during the deformation of crystals doped with
Pb2* or Mn?* did not result in weakening of the crystals
within the experimental accuracy.

Araada
e (%)

Fig. 1. a. Dependences of the velocity of plastic deformation g¢
(normalized to the flow velocity in a switched-off field £p) in
static MF with 8= 0.7 T on the total deformation e of crystais:
I, NaCl—Ca2* (0.1%); 2, KCl—Ca’* (0.03%):
3, LiF—Me2* (0.01%, lines of slipping dislocations LiB);
4, KCl—Mn?* (0.01%); 5, KCl—Pb:* (0.03%); 6, LiF—Me2*
(0.01%. Li|B). b. The fragment of the e(c) diagram during the
action of MF () and at the instant of jumpwise mechanical
loading (2).
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Fig. 2. Dependence of weakening of crystals in MF on the
induction 8.

A jumpwise increase in the mechanical load of the
sample during deformation As = 30—40 kPa resulted in
an increase in € comparable with the increase in ¢ in MF
in the first 10 s after the increase in the load. With
further loading, the former slope was established (see
Fig. 1). Thus, the effect observed differs from that
occurring in mechanical loading by the fact that the MF
action on the crystal does not cease immediately after
MF is switched off, but lasts for a long time. Since at
o > oy switching off MF resulted in an increase in the
velocity of the plastic flow &; compared to the velocity
before switching on MF g4, the £¢/%; ratio was consid-
ered as the numerical value of the effect. Weakening of
the crystal usually reached a maximum immediately
after the yield point and faded at € > 1—2% (see Fig. 1).
Sometimes it appeared at high deformations, but its
character was irregular and irreproducible.

In these experiments, the dependence of the effect
on B turned out to be close to the square function
(Fig. 2). Weakening of the crystal increased up to the
solubility limit (C =~ 0.1%) as the concentration of the
Ca? ions increased. In the crystals where weakening
was observed, its value (£¢/ey) correlated with the linear
density of the dislocation charge ¢ measured in KCl
according to analysis of the dislocation electrical polar-
ization? (Fig. 3).

Thus, it is established that MF has an effect on the
macroplastic flow of ionic crystals. The reason for the
weakening of the crystals is a decrease in the effective
cross section of the interaction of the dislocations with
some types of hindrances. The narrow interval of defor-
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Fig. 3. Dependences of the maximum value of weakening of
NaCl (/) and KCI () crystals in static MF with 8= 0.7 Ton
the concentration (%) of dopant Ca?* in the crystal and the
dependence of the dislocation charge density on the concen-
tration (%) of dopant Ca?* in KCl crystals at B = 0 ().

mations within which the effect can be detected testifies
that MF facilitates overcoming only a portion of the
hindrances, which are substantial at the initial stage of
the plastic flow. Apparently, these hindrances are point
defects, mainly of doped origin. The dislocations ap-
pearing at ¢ > 1—2%, which play a more significant role
in delaying slipping dislocations than doped centers, are
not likely sensitive to MF, as can be seen from Fig. 1.
In the second (2) series of experiments, the value of
the average path of individual dislocations in the field of
a calibrated pulse of mechanical compression stresses
that was the same in all experiments (amplitude
0.1 MPa, duration 6 s, front 10 ms) was chosen as an
indicator and a measure of the effect of MF on the state
of ionic crystals. The crystals were exposed to MF, and
dislocations were introduced in different orders in ex-
periments of types 2and J. The results of measuring the
paths in these experiments (/; and f;) were compared
with the results of the control experiments of type 7 ({})
(Fig. 4). Since MF was absent during loading, the
possible effect of MF on the interaction of dislocations
with hindrances was excluded. In experiments of the
third (3) type, fresh dislocations were introduced, then
the specimen was placed in the electromagnet and ex-
posed to the field for time f; (from several s to several
h), and the position of the dislocations was fixed by the
first etching. After switching off the field and a pause of
t, (also from several s to several h), the crystal was
mechanically loaded (2,), and the specimen was etched
once more. The average path of the dislocations / was
determined by averaging 3+ 102—103 paths of individual
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Fig. 4. a. Dependence of the average path iengths of edge
dislocations on time of exposure of crystals to static MF with
B = 1T in experiments of different types (/—J). . Schematic
representation of the order of procedures in time (#) in experi-
ments of different types (/—J3) (instants of introduction of
disfocations are designated by arrows, * indicate instants of
ctching, B is the induction of MF, and ¢ are mechanical
stresses).

dislocations for cach specimen. The type 2 experiments
differed from the type J experiments only by the fact
that the dislocations were introduced into the crystal not
before, but after treatment in MF. In both series of
experiments (types 2 and J), the / value increased over
that of the control experiments (see Fig. 4). Therefore,
some elements of the structure "remember” the effect of
the MF. For the dislocations introduced after the MF
action, the increase in / indicates that these elements
may be local hindrances. A greater increase in / was
observed for the dislocations introduced before MF was
switched on. The difference in the average paths in the
type 2 and 3 experiments characterizes residual changes
in the structure and properties of the dislocations that
have stayed in MF and indicates that the dislocations
also "remember” the MF action. As the exposure to MF
increases, the value of A/ = (; — /5 increases and reaches
saturation at f, > 103 s.

The aftereffect of MF was temporary and decayed
with a time constant of ~3-103 s when the pause
between switching off MF and the mechanical loading
incrensed (Fig. 3). It was established in the control
experiments that this refaxation is not related to aging
and fixation of the dislocations, because in the speci-
mens that were not subjected to MF the pause between
the introduction of the dislocations and the mechanical
loading was up to several h and did not result in a
noticeable decrease in their mobility (see Fig. 5). It
follows from the results obtained in this series that the
dislocations and point defects have "memory” about
exposure of the crystal to MF. ie., MF has an effect on
the state of both dislocations and point defects in ionic
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Fig. 5. Dependence of the relative increase in the path length
of dislocations caused by preliminary exposure of the crystal to
MF on the time between switching off the field and mechani-
cal loading (7); path lengths of dislocations in experiments
without MF depending on the time between their introduction
and loading the specimen (2).

crystals. The residual MF-induced changes in the state
of these objects can be observed even 103 s after switch-
ing off the tield.

The results obtained make it possible to determine
the types of reactions whose kinetics can change in MF
due to weakening of the crystals. The types of possible
reactions occurring in the crystal can be presented in the
following form:

Ry + R, = M, H
Ry, + Ry, = My, (2)
Ry, + Ry, = My, 3
R,+ R, = Mj, “4)
R, + R"y = M, (5)

where indices | and 2 refer to dislocations or point
defects, and hash marks designate the radicals that
belong to the same defect. Let us consider the condi-
tions of the reactions indicated without MF and the
effect of the field on their kinetics. Reactions of types
(1) and (3) occur when the dislocations move around in
the crystal, ie., due to its plastic deformation. The
mobility of the distocations is limited by reaction (1) at
the initial stage of the deformation (up to & ~ 2%)!® and,
according to Fig. |, this is the reaction that is subject to
the effect of MF. To establish the reasons for this effect,
it should be taken into account that the effective cross
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section of this reaction is determined by two factors:
1) the frequency of collisions between the radicals of the
dislocations and point defects f and 2) the binding
energy of the radical pairs formed £,.

The effect of MF on the plasticity of the crystals can
cause a change in any of the factors mentioned. In the
first case, this is due to a change in the concentration of
unpaired radicals in the crystal, and in the second case,
due to a change in the binding energy in the Ry+ R, pair
caused by the S—T-transitions in MF. Only the second
possibility has been a priori considered previously. 1312
According to the results presented in Figs. 4 and 3,
which testify that the aftereffect of MF exists, this is not
the only possibility. Therefore, new magnetosensitive
degrees of freedom of the states of defects in ionic
crystals have been discovered.

Thus, a change in the probability of the collision of
the Ry and R, radicals can be caused before the motion
of the dislocations by decreasing their concentration.
This can occur due to a change in the rates and yields of
reactions (2), (4), and (5). Let us estimate the possibili-
ties and characteristic parameters of the kinetics of each
of them in MF.

l. Type (2) reaction. For the typical concentration of
the admixture in the crystal C ~ 102 m™3 and the
diffusion coefficient of doped atoms in the lattice D ~
10722 m? 57!, the characteristic time necessary to en-
counter the radicals is 1 = C¥3D ~ 105 s, which is
considerably greater than the characteristic time of the
process observed in MF (see Figs. 4 and 5). Therefore,
changes in the kinetics of this reaction cannot be a
reason.

2. Type (5) reactions can occur between the radicals
arranged along the dislocation line. Their charactenstic
time can be close to the measured value, because the
diffusion coefficient along the dislocation nucleus D,
exceeds the bulk coefficient by several orders of magni-
tude. Indeed, according to the published data,* charged
singularities are located at the dislocations in ionic
crystals at an average distance of 7~ 100 a along its line
and can be associated with radicals with unpaired spin.
These singularities, moving along the dislocation line
under the action of thermal fluctuations, are capable of
approaching ¢ach other to distances comparable with a
during time ¢ = z/2D, = 107} s. In the absence of MF,
the encounter of these radicals in wt = 3/4 cases results
in the formation of a pair in the T-state, and in wg = 1/
4 cases, of a pair in the S-state. The difference in the
binding energies of the pairs in these states results in a
difference in the rates of their decomposition under the
action of thermal oscillations, i.e., the establishment of a
dynamic equilibrium between the paired and free radi-
cals. This equilibrium is violated in MF, because at the
instants the radicals encounter one another, the transi-
tions from the S- to T-state occur and, hence, the
probabilities wy and wg change. Increasing the equilib-
rium concentration of free radicals increases the etfec-
tive cross section of reaction (1), i.e., strengthens the

crystals. In our experiments, the number of unpaired
radicals at dislocations likely decreases in MF, because
weakening of the crystals is always observed. This testi-
fies that the binding energy of a pair in the T-state is
lower than that of a pair in the S-state. It cannot be
ruled out that a change in the type of crystals can result
in the opposite sign of the effect in MF.

After MF is switched off, the state of the dislocation
is recovered after time t = vexp(£,/kgT), which de-
pends on the binding energy of the radical pair E,, and
the frequency of the attempts v = 10!! s71. The data in
Fig. 5 give evidence for the decomposition of the pairs
and allow one to estimate £, (~0.9 eV). This value
confirms that the radical reactions can contribute sub-
stantially to the delay of dislocations. It should be noted
that weakening of the crystal in MF, which occurs
during the motion of dislocations, can appear during
times much shorter than 103 s (see Fig. 1). In terms of
the model suggested, this can be explained by the fact
that the motion of the atoms along the dislocation
nucleus intensifies considerably as it moves and, hence,
the time between the encounters of the radicals de-
creases. This results in an increase in the reaction rate.

3. Type (4) reactions can take place inside point
defects with complicated configurations containing sev-
eral dopant atoms, vacancies, efc. The data in Fig. 4
testify that the electronic state of the defects can also
change in MF due to the increase in the probability of
the formation inside the defect of a stable pair of radical
electrons, whose spins were not mutually correlated
before the crystal was placed in MF. The application of
mechanical stresses to a crystal can increase consider-
ably the rate of this reaction, because the point defect
falls in the band of mechanical stresses of the nucleus of
the moving dislocation. In fact, since the value of these
stresses can attain ¢ » 0.1G (G is the modulus of
elasticity of the crystal) and the activation volume of the
reaction y is not greater than the volume of the point
defect y < 1072% m?, the increase in the reaction rate can
attain 1/t = expyo = 103 times.

These estimations of the parameters of reactions in
ionic crystals testify that the consideration of reactions
of types (4) and (5) provides a qualitative explanation
for the effects observed in MF. Thus, a new type of
magnetosensitive chemical solid-phase reaction is dis-
covered, and the existence of new degrees of freedom of
the state of defects in crystals is established. The results
obtained are universal and can be applied to analysis of
radical reactions in semiconducting, metallic, and poly-
meric crystals. Finally, the study of the MF effect on
spin-dependent reactions in crystals allows one to inves-
tigate the nature of many magnetic effects in biological
systems.
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