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The magnetoresonance influence as well as the microwave superhigh-frequency (SHF)
magnetic field effect on the microhardness of silicon crystals has been studied. It is
established that the action of SHF field results in decreasing microhardness, which does
not relax for initial value during a long time (-50 days). A mechanism has been suggested

for the revealed effects.

HNsyyasmocr MaruuTopesoHaHCHOE BIMAHUE, & TaKyKe IeliCTBUEe MUKPOBOJHOBOTO CBEPXBBI-
COKOYaCTOTHOI'O MArHUTHOTO IIOJSI Ha MHUKPOTBEPAOCTH KPUCTAJJIOB KPEeMHUsS. ¥ CTAHOBJIEHO,
YTO AeiiCTBHE CBEPXBBHICOKOUYACTOTHOI'O IIOJS BBI3BIBAET CHUKEHNE BEJIUYMHBI MUKPOTBEPIOC-
TH, KOTOPasi He PEJAaKCUPYeT K MCXOJHOMY 3HAUEHMIO B TE€UEHME AJIUTEJbHOro Bpemenu (~50
cyTtok). IIpeasosxen MexaHW3M BBISIBJIEHHBIX 9((HEKTOB.

From the viewpoint of modern theoreti-
cal models, it is reasonable to consider the
mechanism of magnetic field effect on the
set of mechanical, electrophysical, and
physicochemical properties of a solid body
making use of the spin exclusion release
rather than of energy effect concepts. That
process can be treated basing on the spin
chemistry concepts, by analogy with the
spin-dependent chemical interactions [1].
However, in this case, it is reasonable to
consider the spin-dependent reactions in the
defect-paramagnetic impurity system in-
stead of the molecular interactions. To ana-
lyze the numerous experimental data ob-
tained when studying both the magneto-
plastic effects (MPE) (that manifest
themselves as changes in dislocation dy-
namic behavior in a magnetic field) and
magneto-mechanical effects (MME) (that are
indicated by the crystal microhardness vari-
ations due to magnetic action) [2—6], crite-
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ria are necessary which would confirm or
deny the spin-associated origin of any mag-
neto-sensitive effect. To prove rigorously
the influence of the defect spins on micro-
plastic and micromechanical properties of
silicon crystals that were observed in our
works [2—4], in our opinion, it was neces-
sary to provide conditions for selective in-
fluence on the spin states in pairs of param-
agnetic particles that constitute the point
defect complexes (PDC). Such a possibility
is provided by a microwave or superhigh-
frequency magnetic field (SHF) B; that is
capable of change the multiplicity in the
defect pair if it is applied perpendicularly
to the constant magnetic field (MF) B, but
cannot affect the spin orientation if the
SHF field is parallel the induction vector of
the constant MF (B4|B,). Similar experi-
mental proofs were obtained in studies on
the resonance effect on the microhardness
and dislocation path in alkali halide crystals
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and silicon ones [5—8]. So the study of MF
influence on micromechanical properties of
ionic crystals was resulted in the revealing
of crystal plasticization due to excitation of
electron paramagnetic resonance (EPR) in
structure defects under crossed constant
and SHF magnetic fields [5, 6]. Later, the
resonance influence of the constant MF and
variable SHF crossed therewith on disloca-
tion paths in silicon single crystals was re-
vealed [7] that resulted in the crystal
strengthening. The variable magnetic field
frequencies causing the maximum changes
of the crystal strength and plasticity ob-
served in [5—8] correspond to the resonance
frequencies of transitions between the Zee-
man sublevels in paramagnetic complexes of
point defects or in complexes consisting of a
point defect and a dislocation. The disloca-
tion path measurements in NaCl and Si crys-
tals [6—8] make it possible to record the
radio-frequency spectrum of electron transi-
tions in the structure defect subsystem.
Thus, the EPR that stimulates changes in
the crystal microplastic and micromechani-
cal characteristics allows to assume that the
primary elementary processes of magneto-
plastic and magneto-mechanical effects ob-
served in [2—4] are spin-dependent processes
in the crystals. This work is aimed at veri-
fication of suggestions concerning the spin
nature of MME.

The purpose of the work was to study the
microhardness variation of Si single crystals
following the simultanecus exposure to
crossed constant and microwave magnetic
fields at the relationship between the SHF
frequency v and the constant MF induction
By meeting the EPR condition gugBy = hv
where pnp is Bohr magneton; £, Planck con-
stant; g ~ 2, g-factor. Thus, the experimen-
tal scheme was similar to the traditional
conditions of EPR signal observation, that
is, similar to the standard procedure of
EPR spectrum measurement except for the
microhardness rather than the SHF power
absorbed in the sample was used as the reso-
nance response.

Silicon samples grown by Czochralski tech-
nique under phosphorus or boron doping were
used. The samples were placed into a resona-
tor that was coherent with a magnetron at
the constant frequency v = 9.425 GHz and
positioned between electromagnet poles. The
magnetoresonance effects were studied
using a standard X range radiospectrometer
SE/X-2544 "Radiopan”™ at the modulation
frequency 100 kHz and the sweep range of
the constant MF Bj 0.04 to 7 kOe. The sam-
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Fig. 1. MME relaxation in Si samples after
magnetoresonance influence (a) and after ac-
tion of microwave UHF magnetic field (b): H,
is the microhardness of the initial (reference)
Si samples; H is the microhardness of Si sam-
ples subjected to magnetoresonance influence
or the action of microwave UHF magnetic
field; 1,8 - n-Si crystals; 2,4 - p-Si crystals.

ples were exposed in crossed constant (at By
induction value) and variable SHF (at B;
induction value) fields for 6 min, the B
and B; vectors were perpendicular to one
another. Then the samples were extracted
from the resonator and the microhardness
was measured using a PMT-8 hardness
tester. The microhardness measurements
were carried out for reference samples not
treated in MF. The microhardness measure-
ment error was about 4 % . We have ob-
served a microhardness reduction in Si crys-
tals exposed to resonance conditions. That
reduction can be classified as a peculiar
magneto-mechanical effect.

We have found that the MME amounts
about 20 % in n-type Si crystals (phospho-
rus doped) and about 15 % in p-type (boron
doped) ones (Figs. la and 1b, respectively).
Thus, a magneto-mechanical effect has been
revealed consisting in the strength reduc-
tion of Si crystals due to magnetoresonance

193



V.A.Makara et al. / Silicon crystal strength ...

in crossed constant and SHF magnetic
fields. It is seen in Figs. 1la and 1b that the
EPR-excited MME does not relax during a
long time (about 50 days). It has been
pointed in [5—8] that under conditions meet-
ing the resonance criteria, the mutual ori-
entation of the particle spins varies; this
orientation defines the interaction possibil-
ity due to Pauli’s prohibition. In our spe-
cific case, it can be assumed the matter that
the matter is of the spin interaction and
spin orientation change of defects forming a
point defect complex. The resonance excita-
tion in structure defects in crossed mag-
netic fields may give rise to spin singlet-
triplet transitions in PDCs, for example, in
SiO, precipitate complexes. Such spin-de-
pendent reactions in PDCs may result in
decomposition thereof. The defect structure
modified due to magnetic influence causes
changes in the structure-sensitive proper-
ties, for example, in microhardness. Thus,
the EPR excitation in the defect subsystem
may be a way to influence the behavior of
that subsystem and the processes defined by
the latter [56—8].

To conclude, it is to note that the effect
of the microwave SHF field only resulted
also in the microhardness variations in sili-
con crystals (Fig. 1lc, d). It is of interest
that after the SHF field exposure is over,
the MME caused by that exposure varies
non-monotonously and does not relax for a
long time (about 50 days), similar to the
EPR-induced MME. According to literature
data [1, 7], the SHF field induces the sin-
glet-triplet (S-T) conversion in singlet pairs

formed by the defects. Basing on [7], it can
be assumed that in the presence of a con-
stant MF, the SHF field amplifies indirectly
the S-T transition intensity. As noted
above, the intersystem crossing in PDCs
causes the breakdown of chemical bonds in
the corresponding complexes (for example,
in SiO, precipitates) and sets conditions for
their subsequent modification. The running
of the spin-dependent processes mentioned
results in formation of a "new” modified
structure and gives rise to the MME. Our
results prove that the structure relaxation
of magneto-sensitive complexes causing the
MME in silicon crystals is a spin-dependent
process.
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BuBueHo MarHiTopesoHaHCHWH BHOJMWB 1 [Jil0 MiKpPOXBUJIBOBOTO HAJABUCOKOUYACTOTHOTO
MAartHiTHOTO TOJIA HAa MiKPOTBEPAiCTh KpPUCTAJiB KpeMHil0. BecTaHOBIEHO, IO Aisi HaIBUCOKO-
YACTOTHOTO TOJIA BUKJIUKAE 3MEHIIIeHHS MiKpOTBEpPAOCTi, dKa He peJlakcye A0 BUXiAHOTO
3HAUEHHS ImpoTAroM TpuBajoro uacy (~50 ni6). 3ampomoHoBaHO MexaHi8M BUABJIeHUX (hismu-

HUX e(eKTiB.
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