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Magnetic field response of NaCl:Eu crystal plasticity due to spin-dependent Eu** aggregation
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Magnetic field impulse (7 T amplitude 10 ms duration) was found to affect microhardness of NaCl:Eu
crystals at room temperature. Dimers (pairs of Eu?* paramagnetic ions) were shown to be responsible for the
crystal softening induced by magnetic field. Theoretical treatment of the magnetoplastic effect based on the
spin dependence of processes resulting in transformation of the dimers in crystals is developed and applied to
the description of the long-term magnetic memory. Activation energies of the dimer formation, E,
=0.23+0.04 eV and decomposition, £,=0.33£0.06 eV were extracted from thermoactivation analysis of
magnetic field controlled Eu?* aggregation in 77-473 K temperature range.
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I. INTRODUCTION

The effect of magnetic field on dislocation-controlled
plasticity of diamagnetic crystals is the phenomenon reliably
established and denoted as magnetoplasticity.'"!' Magneto-
plasticity observed in magnetic fields of ~0.1-15 T demon-
strates changes in characteristics of plasticity by
~10-100 % at room temperature. Uniqueness of magneto-
plastic effects consists in that the energy of interaction of a
diamagnetic crystal with magnetic field is negligibly small
and, hence, its contribution to high-energy processes of dis-
location displacement may also be ignored. Obviously, mag-
netoplasticity of diamagnetic crystals cannot be interpreted
in terms of the energy balance of a stable system since it
relates to nonequilibrium intermediate stages of defect inter-
action. Numerous experiments'~’ showed that magnetoplas-
ticity originates from the effect of magnetic field on spin-
selective generation of paramagnetic states of the short-
living “obstacle-dislocation” system.

In ionic crystals, electron transfer between the diamag-
netic obstacle (Ca®*, Mg?*, etc.) and dislocation (CI~ anion
in NaCl as an ionic component of dislocation core) results in
generation of spin pairs (for example, Ca* and CI).!>!3 Popu-
lation of the singlet and triplet states of these pairs and the
rate of singlet-triplet spin conversion are controlled by Zee-
man interaction.'>!3 Coulomb interaction in the spin pairs
provides the dislocation capture by obstacles. This interac-
tion is switched off by electron transfer from an obstacle ion
to dislocation and controlled by spin orientation in the mag-
netic field. As a result, the dislocation releases from the ob-
stacle. The singlet spin state lifetime of the Ca*-Cl pair is
very short due to fast restoration of the initial electron state
of the dislocation captured by the obstacle. Magnetic field
stimulates singlet-triplet conversion and populates triplet
state which fails to regenerate the initial state of the pair
because of forbidden transition from triplet to singlet state. It
provides a mechanism stimulating depinning of dislocations
and enhancement of their mobility by magnetic field. A simi-
lar mechanism is suggested for the magnetoplasticity of both
ionic and covalent crystals (germanium, silicon, etc.).!4!

The theory of magnetoplasticity developed in Refs. 2 and
12—15 successfully interprets experimental data related to the
effect of magnetic field on dislocation path during plastic
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deformation of diamagnetic crystals. It quantitatively de-
scribes “in-field” dislocation mobility enhanced by magnetic
field. However, it fails to explain the “out-of-field” magne-
toplasticity, i.e., under the conditions when diamagnetic crys-
tals are subjected to magnetic field before deformation and
then deformed in the absence of magnetic field. The crystals
in this case exhibit so-called “magnetic memory,” detected in
individual dislocation displacements,'~” microhardness, '8
macroplastic ~ deformation  rate,'>?®  impurity  photo-
luminescence,?'~?3 electron spin resonance (ESR) spectra,
and magnetization.!" This kind of magnetic memory has no
relation to magnetization of macroscopic ferromagnetic in-
clusions or nanoparticles. The goal of this paper is to ap-
proach theoretically and experimentally the effect of mag-
netic memory originating from spin-dependent behavior of
clusters of paramagnetic ions in diamagnetic crystals.

Association of paramagnetic ions (ion-vacancy dipoles) in
dimers (pairs of dipoles) and further aggregation into larger
clusters (trimers, tetramers, etc.) are spin-dependent pro-
cesses which accelerate relaxation of nonequilibrium clusters
in magnetic field. Microhardness controlled by dislocation
mobility is considered as a response to the restructuring of
the dislocation obstacles, induced by magnetic field. We will
illustrate the main idea of magnetic memory both theoreti-
cally and experimentally for the simplest dimer associates in
diamagnetic NaCl crystals doped with paramagnetic Eu**
ions.

II. THEORETICAL MODELS

First of all, we will demonstrate spin selectivity and mag-
netic field sensitivity of dimerization of a pair of individual
paramagnetic ions. A model ion pair with both ion spins S
:% will be considered for simplicity. In a contact pair, the
binding energy and exchange interaction of ions are high
enough to keep the pair in the singlet spin state. Thermal
fluctuations activate contact pairs stimulating jumps of the
doping ion from the nearest-neighbor position to the next-
neighbor lattice site unoccupied by lattice ion (vacancy as-
sociated with a doubly charged ion). The state of the pair
with distant ions will conventionally be called a separated
pair. It inherits total spin of the contact pair and, hence, its
initial spin state is also singlet.
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A spin-selective nanoreactor is a separated pair able to
regenerate contact pair by regaining the nearest-neighbor po-
sition in a singlet state only. In a triplet state, this process is
spin forbidden and the separated pair is supposed to dissoci-
ate due to ion diffusion. A competition between the regen-
eration of the contact pairs and dissociation of the separated
pairs is controlled by singlet-triplet spin conversion.

Magnetic field governs triplet-singlet conversion and con-
trols the ratio of separate ions (dipoles) and dimers, and de-
creases the fraction of the dimers, i.e., magnetic field partly
prevents aggregation of dislocation obstacles increasing the
concentration of free ions and producing a new nonequilib-
rium distribution of ions (dipoles) and dimers. In the absence
of magnetic field, this phenomenon manifests itself as mag-
netic memory because of different efficiencies of ion and
dimer as dislocation obstacles. Kinetic parameters of the de-
scribed spin-selective process are shown in Scheme 1 for the
model pair of Cu®* jons.

Scheme 1

contact pair separated pair

k 2+ 2+ S kgt 2+ T
= 1 1 ! 1 1. 2+
(('“2 ) — [Cu Cu — [Cu Cu ]
2 kg, kgr

kl kl
ot Vl; (‘112+-\];

In Scheme 1, reversible conversion of the separated ion
pair between singlet and triplet spin states is described by a
phenomenological rate constant kg and decay constant of
the ion pair k. To express this constant in terms of magnetic
field and magnetic parameters of the pair, it is necessary to
consider spin dynamics of the pair. Spin functions of the four
spin states (singlet S and triplets T, T,,T_ with spin projec-
tions 0,1,-1) are

S=1/2(apf-Ba) T,=aa,

To=1/{2(aB+Ba) T_=pB,

where a and S denote spin states of unpaired electrons of
individual ions. In the simplest case, one can neglect ex-
change interaction and take into account only degenerate
states S and T, keeping in mind that magnetic field cannot
mix T, and T_ states with S and T, Thus, the time-
dependent spin function of the pair may be written as a linear
combination of S and T states,

@(1) = Cs(1)S + Cro(1) T (2.1

Coefficients |Cs(#)|*> and |Cry(#)|* are the probabilities for
the pair to be in the singlet or triplet states, respectively. To
determine these coefficients it is necessary to solve the time-
dependent Schrodinger equation,

i&go/&t:I:IgD (2.2)

with Hamiltonian,
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[:I=BH(g151 +85,), (2.3)

where S; and S, are spins of partners, g; and g, are their g
factors, H is magnetic field. Substituting Egs. (2.1) and (2.3)

to the Eq. (2.2) and calculating matrix elements (S|H|S),
(To|H|T,), and (S|H|T,) one can derive

|Cs(9)|? = sin*(1/2AgBH)t. (2.4)

This coefficient characterizes the rate of triplet-singlet
spin conversion assuming the initial state to be triplet, i.e.,
|Cs(2)[>=0. The same expression is valid for the singlet pair
to be transformed to its triplet state. Equation (2.4) describes
oscillating time-dependent spin evolution of the pair. Evolu-
tion time is restricted by the lifetime 7 of the pair.

To determine the probability for the initially singlet pair to
transform to the triplet state, a function f(¢) is introduced,
which characterizes time-dependent probability for the sepa-
rated pair to decay,

f(t)=1/rexp(-t/7), (2.5)

where 7 is the lifetime of the pair, 7=(2k)~!, and f(r) is
normalized according to [f(¢)dt=1. Then probability P of a
singlet pair to convert into the triplet one is

pP= f F@)|Cs(0)dt. (2.6)
Substituting Egs. (2.4) and (2.5) into Eq. (2.6), one ob-
tains

P =(AgBH/4k)?/[1 + (AgBH/2k)?]. (2.7)

It can be seen that the magnetic field induced spin evolu-
tion of the pair is a function of the ratio AgBH/2k which
characterizes competition between spin and chemical dy-
namics. Designating (AgBH/k) as ¢ the Eq. (2.7) may be
reduced to

P=(@/4)M[1+(¢/2)%]. (2.8)

The limiting value of P at ¢— 0 is }1; it follows from the
fact that we considered only one channel of spin conversion,
S-Ty, and ignored the two others.

Three important features should be noted. First, we con-
sidered the simplest spin nanoreactor of two ions with spins
S= % For Eu?* ion S=7/2 a total number of spin states equal
to 2S+1=15. Among them, only one state with S=0 can
regenerate the singlet state of the contact pair. All other high-
spin (HS) states dissociate into separated individual ions.
However, during the lifetime of the nanoreactor
(~1078-107% s) magnetic field stimulates transitions from
singlet to high-spin states and lowers the probability of re-
generation of the initial contact pair. Virtually, the fraction of
single ions increases in magnetic field and the fraction of
dimers decreases.

Second, spin conversion in the nanoreactor is induced by
magnetic interactions. However, the question of which inter-
actions are responsible for spin conversion is still open. In a
separated pair of chemically identical ions (for example,
Cu?* or Eu?*), their g factors are considered to be equal.
However, it is well known from ESR spectroscopy that g
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factors of ions located in different lattice sites can slightly
differ (Ag~ 1073). This small difference in Ag results in the
difference of Zeeman energies AgBH which induces spin
conversion. For chemically different ions, such as Fe** and
Fe?*, Eu”* and Co**, etc., their g factors can strongly differ.
Thus, spin conversion in asymmetric pairs is faster and ac-
cumulated magnetic memory can be significant.

Moreover, spin conversion can proceed via relaxation
mechanism. Then the field dependence of longitudinal and
transverse relaxation times T; and T, can provide magnetic
field effect. Though neither T| nor T, can separately induce
S-T transitions, their cooperative effect results in stochastic
relaxation and spin conversion.

Third, three processes compete in a spin nanoreactor,
namely, regeneration of a contact pair (in a singlet state),
nanoreactor decomposition into individual ions, and spin
conversion. Characteristic time of the processes is
1078-107% s. These processes provide a new distribution of
ions and clusters in magnetic field. In principle, one can
imagine two extreme situations concerning magnetic
memory. If paramagnetic ions are homogeneously distributed
in crystals in the beginning, magnetic field accelerates their
association since it stimulates spin conversion of triplet
states of encounter ion pairs (their fraction being % of the
total encounters) into the singlet state. Oppositely, if ions are
initially present as dimers, magnetic field will accelerate dis-
integration of dimers into the monomer ions. In both cases,
memory effects are expected to be observable. However,
time evolution of the effects is different depending on the
initial distribution of paramagnetic ions.

III. EXPERIMENT

Crystal plasticity was characterized by microhardness
Mh, which was measured as follows. First, microindentation
of the sample surface (001) was performed using constant
load applied to a trilateral pyramid (Berckovich indentor)
with tip radius about 25 nm. Loading was performed using a
microhardness meter of a Neophot optical microscope. The
20-30 microhardness indentation imprints were created on
the surface and then used in calculations of errors and aver-
age values. Indentation imprint size d was determined using
an Integra NT-MDT atomic force microscope. Figure 1
shows the indentation imprint profile obtained by atomic
force microscopy (AFM) scanning. Gage elasticity constant
value was 290 N/m, resonance frequency was 75 kHz, and
load was 400 wN. Sapphire single crystal with Young’s
modulus E=470 GPa was used as an ((ideally hard)) refer-
ence sample.

1500

Microhardness Mh was calculated using standard Berck-
ovich formula: Mh=2092P/d?, where P is a load and d is an
indentation size. It was found from the observation of inden-
tation imprints by optical microscope that the edge contrast
is enough to provide 1% relative accuracy of Mh measure-
ment. The absolute value of the microhardness was cali-
brated using the AFM data. In aged nontreated (thermally or
magnetically) samples, absolute value of microhardness was
Mh=152=*2 MPa independently of the point on the homo-
geneous crystal surface.

Magnetic field impulse was generated in a low-resistance
solenoid by 800 A electric pulse. The field impulse had sinu-
soidal shape with half-period duration of 10 ms, 7 T ampli-
tude. Tt is seen from Fig. 1(a) that the indentation imprint has
larger size due to the effect of magnetic field pulse on
quenched crystals stored after quenching at room tempera-
ture for #,,,=45 h (the reason for this time delay will be
explained below). The difference AMh=Mh,—Mh, between
microhardness measured after and before application of the
magnetic field impulse was used as a quantitative character-
istics of the magnetoplasticity. Measurements of AMh were
performed during 10 min, which is much shorter than the
aggregation time under current experimental conditions.
Thermal treatment itself affects the absolute value of micro-
hardness Mh. However, this effect was not studied in our
work. As shown below, maximal observed magnetic field
effect AMh=20 MPa corresponds to the relative change in
microhardness, AMh/Mh=13% * 1%.

The crystals were annealed at 770 K in Ar atmosphere and
then quickly cooled down to room temperature on a large
copper plate. The pause between quenching and microhard-
ness measurements provides time for the formation of the
simplest clusters (dimers) by diffusion. Without such pause,
microhardness was not affected by magnetic field. The se-
quence of the procedures is shown in Fig. 2(a). Temperature
and duration of the first annealing 7,,ncaiing1> Pause between
quenching 7, temperature, at which the sample was stored
during this pause T, as well as the temperature of the
second annealing Tynealing2, Were varied in the experiments.
Conditions for indentation and application of the magnetic
field impulse were similar in all experiments.

Special attention was paid to avoid the artifacts during
microhardness measurements. Reference samples stored in
conditions similar to those for magnetically treated ones
were indented and tested to make sure that humidity, small
temperature variations and other nonmagnetic factors did not
affect the microhardness.
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FIG. 2. (Color online) (a) Time sequence of thermal quenching procedure, microhardness measurement, and magnetic field pulse
application. (b) Microhardness change AMh caused by magnetic field (MF) pulse as a function of time interval Ipause after the first quenching
(1 h storage at Typpeaiing1 =770 K and cooling to 293 K). Three different regimes of annealing temperature Typnealing1 and quenching duration

Lannealing] ar€ shown.

IV. RESULTS AND DISCUSSION

Strategy of our experiments is based on well-known facts
related to Eu®* ion properties in NaCl crystal lattice:>*20 (1)
Eu®* ion is coupled with vacancy V- and present as
impurity-vacancy dipole to compensate extra charge in the
NaCl lattice. An individual Eu?* ion has high free energy and
negligibly small concentration. Thus, Eu?** dipoles are sim-
plest building blocks for cluster formation. (2) Heating of the
aged crystals above T=500 K (annealing) leads to dissolu-
tion of the EuCl, precipitates and their conversion into sepa-
rated individual impurity-vacancy dipoles. Activation ener-
gies of the cluster decomposition are high enough to prevent
the disintegration of the clusters below 500 K. (3) The dis-
solved state of Eu?* dipoles can be stabilized by fast cooling
of the crystals down to room temperature (quenching). At
room temperature, diffusion mobility of the dipoles is sup-
pressed, resulting in aggregation dynamics slow enough for
our experiments. (4) Heating of the crystals in the range
300<T7<500 K accelerates the Eu®* dipoles diffusion with
no effect on the clusters decomposition.

Taking into account these facts, we used the following
sequence of experimental operations sketched in Fig. 2(a):
(1) thermal decomposition of the EuCl, precipitates by first
annealing was accompanied by first quenching down to room
temperature. In the majority of experiments, Tyynealingi Was
770 K. Only in the first series of experiments, Tyynealingi Was
varied in 770-920 K range and annealing duration was 10—
120 min to verify whether annealing time was sufficient for
dissolution of all precipitates. (2) Pause 7, Was varied to
probe slow diffusion of the Eu** dipoles and its aggregation
into small clusters at room temperature. As is shown below,
there is no magnetoplasticity in the crystals containing fully

dissolved Eu?* dipoles. For this reason, the pause is neces-
sary for aggregation of the dipoles into clusters providing
magnetoplasticity. (3) Second annealing at lower temperature
(Tanneatingz below 500 K) was followed by second quenching
down to 300 K. Second annealing was used to accelerate
Eu?* dipole diffusion and to obtain small clusters faster than
at room temperature. Low-temperature annealing does not
decompose the precipitates, keeping constant dipole concen-
tration.

The procedures of thermal treatment allowed us to pre-
pare different kinds of crystals, mainly those containing dis-
persed dipoles or small clusters of the dipoles (dimers, trim-
ers, etc.), or large clusters and precipitates, or combinations
of all these defects. This enabled studies of the effect of Eu®*
clusterization and cluster dissolution on magnetoplastic ef-
fect. After the thermal treatment, measurements of the micro-
hardness response on the application of the magnetic field
impulse were performed. The final result of our experiments
was the AMh value as a function of thermal treatment pa-
rameters. The experiments described allowed us to determine
the types of the Eu?* defects responsible for the magneto-
plastic effect.

A. Effect of precipitates dissolution on the magnetoplasticity

Since the efficiency of cluster decomposition depends on
temperature and annealing period, in the first series of ex-
periments we studied the effect of cluster dissolution on the
magnetoplasticity value AMh. Therefore, annealing time be-
fore quenching and annealing temperature were varied. Dis-
solution of precipitates is the source of the precursors X
(mainly dipoles) necessary for the subsequent formation of
the magnetosensitive clusters.
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Figure 2(b) shows the dependence of the magnetoplastic
effect AMh on time pause f,, after quenching. Three
quenching conditions were studied: (1) the crystals were
stored at 7=920 K for fyyneaing1 =2 h; (2) the crystals were
stored at Tyneqting1 =770 K fOr fypneaing1=1 h; (3) the crys-
tals were stored at Tynnealing1 =770 K for 7,5ncating1 =10 min.
Then all crystals were rapidly cooled down to room tempera-
ture. The second annealing was not used (Z;ppealing2=0) in this
series. Figure 2(b) shows the maximum of the magnetoplas-
tic effect at 7,,,,=45 h, which was independent of the first
annealing conditions in contrast to the maximal value of the
magnetoplastic effect AMh,,,, sensitive to the thermal pre-
treatment. These data allowed making the following conclu-
sions: (1) magnetic field does not affect dipoles arising in the
crystals immediately after annealing and quenching at 7,
=0. (2) Observation of the magnetoplasticity requires prod-
ucts aggregation, which maximal amount corresponding to
maximal magnetoplasticity AMMAy,, at fp,.=45-50 h. (3)
Kinetics of the precursor aggregation at 300 K is indepen-
dent of the thermal prehistory that controls the amount of
aggregation products and the maximal value of magnetoplas-
tic effect.

At Tonnealing1 =770 K, the diffusion coefficient of the Eu**
ions, D~10"2 m?s~!; the diffusion path for Ipause=0
X 10% s is L~ (6Dt ) ~6X 107" m. Taking into ac-
count the diffusion activation energy of E~0.7 eV,”” one
can assume that average distance L, is almost 30 times
longer than L, corresponding to complete decomposition of
the clusters at Typneating1 =920 K and fyppeqting1 =2 h. The ra-
tio of the dipole displacements in these experiments would
be ~(L,/L,)>~ 10°. Nevertheless, it does not affect the po-
sition of the maximum of the magnetoplastic effect on the
AMh(ty,s.) curve. Thus, we can conclude that kinetics of the
Eu?* dipole aggregation is not sensitive to the variation in the
heat treatment conditions. It provides an opportunity of reli-
able comparison of aggregation kinetics in the second series
of the experiments. The above-discussed estimation shows
that the dimers (couples of the dipoles) are responsible for
magnetoplasticity since there is no time for diffusion-
controlled formation of more complex clusters.

B. Kinetics of the temperature controlled accumulation of
magnetosensitive dipoles

In the second series of experiments, we studied kinetics of
the dimer D formation by aggregation of precursors X (di-
poles), liberated from the initial clusters by annealing of the
crystals. Thus, the X—D process was under study in this
series. Intermediate heat treatment conditions, discussed
above, i.e., Tynnealing1 =770 K, fynneatingt=1 h were chosen.
After this treatment and crystal quenching down to room
temperature, the pause #,,,, Was used prior to AMh measure-
ment. T, Was 77, 393, or 473 K. After the pause, tempera-
ture was restored to 293 K, microhardness was measured,
and its change caused by magnetic field, AMh, was deter-
mined. Figure 3 shows the AMh(t,,,,) dependencies at three
temperatures Tp,u=77, 393, and 473 K. It was found that
the increase in T}, shifts the position of the AMA(tyyqe)
maximum to shorter times (Fig. 3), i.e., temperature-
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FIG. 3. (Color online) Microhardness change AM#h caused by
MF pulse as a function of the time interval 7, passed after crystal
quenching from Tpeqiing1 =770 K when the quenched crystals
were kept at Tpause; =77, 300, 373, and 473 K.

controlled aggregation rate modulates magnetoplasticity.

Note that the temperatures T},,.=77, 393, and 473 K are
all below 500 K, i.e., cluster decomposition does not contrib-
ute to magnetoplasticity. Kinetics of AMh is controlled by
the Eu?* dipole migration. Thus, heating of the crystals up to
Thause=473 K during pause leads to acceleration of the di-
pole aggregation and faster generation of the dimers respon-
sive to applied magnetic field. Larger clusters cannot be
formed during the 10-50 h pause because of limitations in
the Eu?* dipoles diffusion path L. Freezing of the Eu** ag-
gregation at the lowest temperature T),,=77 K delays mo-
bility of dimer precursors (dipoles) and decelerates the for-
mation of dimers responsible for the magnetoplasticity.

According to Refs. 24-26, the temperature increase accel-
erates not only diffusion rate but also aggregation process.
The dimers emerging within the crystal lattice at the begin-
ning of the aggregation can be destroyed by heating. The
other possible way of the dimer transformation to the state
insensitive to magnetic field is a capture of the next-neighbor
dipoles (transformation to a trimer) as well as intradimer
transformations described in Ref. 26. Thus, the existence of
maximum on the AMh(t,,,) dependence should be ex-
plained by a competition between the diffusion-controlled
generation of magnetoresponsive dimers, which provide
magnetoplasticity, and by transformations of these dimers to
another product (decomposition of dimers, capture of addi-
tional Eu®* dipoles, intradimer rearrangements). It implies
that thermal fluctuations provide accumulation of dimers D
as well as their decomposition and conversion to aggregation
products Y insensitive to magnetic field. Thus, dimers accu-
mulation in the crystal depends on a ratio of the rates of their
formation X — D and conversion to subsequent aggregation
products D—Y.

C. Transformation Kkinetics of the accumulated
magnetosensitive dimers

The goal of the third series of experiments was to accu-
mulate the largest amount of the magnetosensitive dimers D
during the pause and to observe kinetics of their magneto-
sensitive transformation to the products Y. Thus, D—Y pro-
cess was of dominant interest. In this series immediately af-

ter attaining the maximal AMhy,, value (fyus
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FIG. 4. (Color online) Dependencies of microhardness change
AMh caused by MF pulse on time Z,yneating> passed during the sec-
ond crystal quenching. The crystal was stored after the first quench-
ing (zanneanngl =1 h storage at Typpeqling1 =770 K and cooling to 293
K) for fpue=50 h and then temperature was stabilized at (1)
Tanneating2=77, (2) 293, and (3) 473. Microhardness measurements
and magnetic field application were performed at 293 K.

~45 h, Tpuse=300 K), when one could assume the pro-
cess of dimer accumulation to be less efficient than their
decomposition, temperature was changed, and the crystal
was kept at lower temperature Typpeqling> fOr the time 7,,pca1ing2
(Fig. 4). Crystal cooling results in considerable deceleration
of spontaneous decrease in the magnetoplastic effect (Fig. 4).
The rate of the decrease in the magnetoplastic effect be-
comes lower at lower temperatures indicating a decrease in
D. Since accumulation of the dimers is basically over at
Ipause =45 h, we can consider Fig. 4 as a time dependence of
the magnetoplasticity modulated by kinetics of the subse-
quent dimer transformations D — Y. Diffusion-controlled ag-
gregation X —D may be neglected.

D. Thermoactivation analysis of the subsequent
aggregation stages

Change in microhardness AMh caused by external mag-
netic field is an indirect response to the processes occurring
in a subsystem of the Eu?* defects. Nevertheless, considering
the obvious fact that crystal softening under magnetic field
AMHh increases with dimer amount D, one can perform ther-
moactivation analysis assuming proportionality AMAh(z)
«D(r) applicable for small variations in the Mh and N val-
ues.

Kinetics of dimer concentration after quenching may be
described by the following system of consecutive reactions:

k k
XD DY
- X D Y —>.., @.1)

where X is the dipole precursor of the magnetosensitive
dimer; D is the magnetosensitive dimer; Y are the products
arising after the dimer stage of aggregation (for example,
trimers); kyp and kpy are the reaction-rate constants, kxp
=koxp exp(—=Exp/kgT), kpy=kopy exp(~Epy/kgT); Exp is
the activation energy of the preaggregation stages X — D of
the dimer formation, Eyp, corresponds to activation energy of
the decomposition of the dimer D— Y and its transformation
into Y products.
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FIG. 5. (Color online) Microhardness change AM#h caused by
MF pulse as a function of the time 7. passed after the first quench-
ing from Typpeqting1=770 K in conditions when the quenched crys-
tals were stored at (a) Tpuue=300 K and (b) Tpye=473 K. Dots
are experimental data; lines are approximations of the experimental
data by formula (2.3).

Since the position of the maximum magnetoplasticity ef-
fect does not depend on temperature and time of the first
annealing (Fig. 2), a conclusion can be drawn that the accu-
mulation of dimers in a crystal can be described by the two
reactions: X—D—Y. Since the starting dipole migration
stage is unknown, additional delay parameter #,=25 h, de-
termined from the approximation discussed below was intro-
duced. Kinetics of Mh replotted vs f.=t—t, is shown in
Figs. 5(a) and 5(b).

For the monomolecular reactions, the equation system for
reagent concentrations is

dt_ XD4>»

D X~ koD

dt_ XD DY

dY

— =kpy. 4.2
dt DY ( )

Dimer concentration is determined from the above equa-
tion system as

D(1) = 22— {fexp(- kpyi) - expl— ko) T} (43)

kxp = kpy
The approximations of the experimental AMh(z.) depen-
dence using formula (4.3) are shown in the Fig. 5 for 300
and 473 K.
The values of activation energies and pre-exponential fac-
tors for accumulation and disappearance of dimers were de-
termined to be FExp=0.23%£0.04 eV, koyxp=(3.6x1.1)
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0 200 400 600 T(X)

FIG. 6. (Color online) Maximal change in microhardness
AMhy,y caused by MF pulse as a function of temperature T, at
which the crystal was stored after the first quenching from
Tannealing1 =770 K. Dots—experiment, line—approximation of ex-
perimental data according to formula (2.4).

X 105 S_1 and EDY=0‘33 +0.06 eV, kODY= (20 + 05)
X 10° s7!, respectively. The difference of activation energies
of the X—D and D—Y reactions is AE=Epy—FExp
=0.1 eV.

The AE value can be determined independently from the
data presented in Fig. 6. The difference AE can be derived
more precisely by fitting the temperature dependence of
magnetoplastic effect in its maximum, AMh,,,,. The value of
maximal concentration of dimers, D,,,,, as derived from for-
mula (4.3) is

D, = NP, (4.4)

where p=kxp/kpy=(koxp/kopy) expl(Epy—Exp)/kgT]-

Since magnetic field affects the dimers, the maximal mag-
netoplastic effect is observed when the maximum number of
magnetosensitive dimers D is present. Formula (4.4) ad-
equately describes the AM Ry, (T ) dependence (Fig. 6).
The difference of activation energies of accumulation and
decomposition of magnetosensitive defects extracted from
this approximation, AE=Epy—FExp=0.14£0.03 eV, is
close to the above estimated AE=0.1 eV. Since
AM iy (Tpause) and AMh(t,,,) dependences were approxi-
mated independently, similarity of the AE values justifies
correctness of the approximation used. Values of the activa-
tion energies were compared with energies of different pro-
cesses in the subsystem of impurity ions independently mea-
sured and reported in Refs. 24-26. It was found that the
extracted activation energies are close to the bond energy of
low-atomic clusters and to the energy of elastic restoration of
clusters by Eu?* jumps from exact positions of Na*. Thus,
one can suppose that magnetic field causes changes in atomic
structure of dimeric Eu®* clusters. As a result of cluster trans-
formation, elastic fields of these clusters change. Cluster
elastic field is the main factor controlling cluster interaction
with moving dislocation. Thus, the changes in microhardness
observed under magnetic field are due to magnetic field ef-
fect on the Eu** dimers.

E. Spin-dependent Kinetics of the dimer D—Y transformation

Kinetics of dimer transformation into isolated ions is con-
sidered for the (Eu®*), dimer dissociating to Eu’* dipoles
(electron spin §=7/2). This dimer, i.e., a contact pair of ions

PHYSICAL REVIEW B 82, 014115 (2010)

is assumed to dissociate with the rate constant k; in such a
way that one of the ions moves to a neighboring lattice site
generating a separated pair in the singlet spin state (Scheme
2). The separated pair is a spin nanoreactor in which revers-
ible spin conversion between singlet (spin $=0) and high-
spin (§=1,2,...,7) states (HS) occurs with the rate constant
kys- The reverse reaction, i.e., conversion of separated pair
into the initial contact pair, is spin allowed for the singlet
state (with the rate constant k_;) and spin forbidden for the
high-spin states. The separated pair further dissociates into
individual ions from both states (S and HS) with the rate
constant k.

Scheme 2
contact pair separated pair
k 2+ 2+.S kps 2+ 2+ _HS
(Eu). — [Eu Eu | — [Eu Eu |
2k, Kpg

d |
24+ _ - 24 _ -
Eu -V Eu -Vy

Scheme 2 includes four types of species, namely, dimer
D, individual ions M and two states, S and HS, in a spin
nanoreactor. Time evolution of their concentrations is de-
scribed by kinetic equations,

— d[DVdt =k,[D] - k_,[S]. (4.5)

d[SVdt = ky[D] + kys[HS] — (k_; + k + kys)[S]=0,
(4.6)
d[TV/dt = kys[HS] — (k + kyys)[HS], (4.7)
d[MY/dt = k([S]+ [HS]). (4.8)

Taking into account that concentration of separated pairs
may be considered to be quasistationary, the following equa-
tions can be derived:

[D]=[Dolexp(- az), (4.9)

[M]=[Do][1 - exp(- ar)], (4.10)

where [Dy] is the initial concentration of dimers.

Here the values of a are ay and « for the process in
magnetic field H and for zero magnetic field, respectively.
Then

(dM/dt)y = a exp(— apt), (4.11)
(dM/dt)H = ay eXp(— aHt), (4 12)
where
oty = [y khygs + ) VL (k_y + k + kygs) (ks + k) = Kiys],
(4.13)
a():klk/(k_l +k) (414)

The latter follows from Eq. (4.13) at kyg=0. Introducing
dimensionless factor
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FIG. 7. (Color online) Calculated dependences ®(kgp/k) of
dimer dissociation rate after magnetic field application on the
reaction-rate constant ratio, kgr/k, proportional to magnetic field H.
The dependences are shown for different k& values.

@=[M]/[Dy], (4.15)
one can derive a general equation
® =[depy/dt]y/[dey/dt]y= anl ag expl(ay — ay)t].
(4.16)

The ® value determines quantitatively magnetic memory
as the ratio of dimers dissociation rate (or generation of
single ions) in magnetic field H to that in zero magnetic field.

Magnetic memory @ is a function of the rate constants k;,
k_;, and k, which are independent of magnetic field H, and
the rate of spin conversion kyg. One can introduce a dimen-
sionless ratio kyg/k and calculate the memory effect @ as a
function of this ratio. Figure 7 demonstrates the ®(kgy/k)
dependence for several k values. The ®(H) corresponds a
field dependence because kgr/k~ H. At kgp=0 (H=0), there
is no magnetofield effect, i.e., ®(0)=1 and with increasing
kgt it reaches the maximum of approximately 30%. It should
be noted that this value is smaller than the maximal magne-
toplastic effect observed in our experiments on microhard-
ness AMh/Mh approximately 13%.

The existence of the limit is due to the reversibility of
spin conversion. At fast spin conversion (kgr>k) popula-
tions of both spin states, S and T, become equal, and initial
dissociation rate of dimers (r=0) attains its maximum.

The dependences of field-effect efficiency of the dimer
dissociation, ®, on the field strength H (proportional to
kgr/k) and dissociation constants k may be presented as a
surface (Fig. 8) which allows finding optimal conditions for
the magnetoplastic effect. This surface can be used to explain
why magnetic memory can be generated by short magnetic
field pulse if its strength is high enough.

In general, an inverse problem can be solved if magnetic
field effect is calculated in the rate of separated ions recom-
bination and conversion to the dimer. This process is also
dependent on kgr. The equations describing kinetics of ions

PHYSICAL REVIEW B 82, 014115 (2010)

D(ky/K)

FIG. 8. (Color online) Calculated dependence ®(kgr/k) of
dimer dissociation rate after magnetic field application on reaction-
rate constants ratio, kgr/k, proportional to the magnetic field H and
dimer decay rate constant, k, for r=0.

association to dimers are more complicated and not pre-
sented here. It should be noted that the physical mechanism
of magnetic field effect in this process is almost similar to
that for the case of dimers dissociation.

V. CONCLUSIONS

Magnetic field was shown to affect microhardness of Na-
Cl:Eu crystals. The most intriguing and remarkable feature
of magnetoplasticity is that the changes in plasticity of dia-
magnetic NaCl:Eu crystals can be observed after magnetic
field application. Thus, magnetic field induced changes are
conserved for a long time in the absence of magnetic field.
The suggested mechanism of this phenomenon is named as
magnetic memory and is based on the spin dependence of
processes resulting in transformation of dimers into sepa-
rated paramagnetic Eu?* ions. Spin-dependence results in the
yield of dimers in magnetic field different from that in zero
magnetic field. Since the rates of dislocation depinning from
isolated ions (dipoles) and dimers are different, plasticity of
crystals subjected to magnetic field is different from that of
crystals which were not exposed to magnetic field. The dif-
ference in plasticity of crystals with different magnetic pre-
history is a quantitative measure of magnetic memory. The
latter decays gradually when magnetic field is removed, with
the rate controlled by diffusion of paramagnetic ions or dis-
sociation of the dimers.

Magnetic memory as a physical phenomenon can be of
technical and technological interest in solid-state physics and
material science. It can be controlled by the concentration of
different paramagnetic ions, by varying temperature and
magnetic field strength as well as by combination of all these
factors.
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