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Electron spin resonance in situ observation
of the bending stress process in corundum
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A new combination of three-point bending stress and electron spin resonance (ESR)
methods was developed and successfully tested in the field of glassy and ceramic materials.
Summarizing the observed phenomena, one can establish the following advantages of such
an experimental combination: (i) direct and continuous observation of the material under
the action of bending stress up to mechanical destruction of the sample; (ii) optically
transparent samples are not necessary, but a further direct combination with optical
methods is, in general, possible; (iii) the high sensitivity and selectivity of the ESR method
allow the first steps of stress influence on the local geometry to be followed long before the
crack appears and fracture takes place, respectively; (iv) local effects are observed on the
atomic scale which can be related to the mechanical properties by an appropriate
hamiltonian; (v) the reversibility of the effects can easily be proved by a suitable aiternating

stress/relaxation regime; (vi) variation of further parameters such as temperature or

application of tensile stress, is possible.

1. Introduction

Properties governing the function of a material are
often derived directly from its overall chemical com-
position or from structural models. Such models may
be developed on the basis of the experimental findings
as results of the combined action of local electric and
magnetic fields as well as external mechanical forces
on materials, respectively. Furthermore, many essen-
tial physical and chemical processes do not corres-
pond to the actual specimen as a whole. They often
take place in distinct regions of the material, e.g. in the
neighbourhood of impurities or dopants, in clusters, at
the boundary of phases originally present in the ma-
terial or even formed in it.

If the knowledge concerning the inner processes is
derived only from the macroscopic response to an
external mechanical force, it is, in general, difficult to
explain the observed effects on a microscopic level.
The direct combination of mechanical and spectro-
scopic methods can help to overcome this problem
and yield new insight into the local properties of
a solid material.

Dealing with high-pressure studies of hard and
other inorganic materials [1-5] we successfully built
up a combined equipment consisting of a conven-
tional three-point bending stress arrangement with
a cw-ESR (electron spin resonance) spectrometer
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(9 GHz). To our knowledge this paper is the first
publication concerning this kind of direct
experimental combination. There is no report avail-
able in the literature related to the in situ combination
of these two methods for the application in material
science.

2. Experimental procedure

The three-point bending stress method was used for
the experiments because of its simplicity and wide-
spread use. The required geometry of the sample and
the mechanical parameters, i.e. the not too high maxi-
mal moment of tension, which is effective at the middle
part of the sample (Fig. 1a, e), provide good prerequi-
sites for a direct combination of this mechanical
method with ESR spectroscopy. The bending stress
can, after developing a suitable equipment, directly be
applied in the cavity of an ESR X-band spectrometer
(E4, Fa. Varian, USA). The experimental arrangement
shown in Fig. 1 was used for the investigations pre-

sented here. As shown in Fig. 1a and b, rod-like sam-

ples (cut corundum materials [6, 7] of 63 x 4 x 3 mm?
as well as glassy rods of 5 mm diameter and 63 mm
length) were supported twice over a distance of 50 mm.
A quartz rod of 4 mm diameter (Fig. le) served as
a transfer of the force from the calibrated spring
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Figure 1 Schematic representation of the apparatus for the ESR in
situ bending stress measurements: a, sample; b, sample holder with
the two-point sample support; ¢, non-magnetic box for the consoli-
dation of d and ¢; d, cavity of the X-band spectrometer (Varian E4);
e, quartz rod for the transmission of the mechanical force, F, caused
by the calibrated spring, f.

(Fig. 1f) to the central point of the sample. The
bending stress, oy, was calculated on the basis of the
formula

1.5F (2 b)~! (1)

Op —

where h and b are length and breadth of the specimen,
respectively, | is the distance between the outer sup-
ports and F is the force caused by the spring.

A Teflon-made tube enveloping the bent sample
protects the ESR cavity in the case of the mechanical
destruction of the specimen. All materials contributing
finally to the electric load of the cavity were carefully
selected with respect to their dielectric properties as
well as their geometries, in such a manner that the
quality factor of the cavity was only little changed. All
other parts of the bending stress equipment were made
from non-magnetic materials such as brass (Fig. 1b, c).

Further ESR experiments performed at 4 K were
done with the help of a flow cryostat (APD cryogenics,
USA) combined with the X-band spectrometer
ERS300 (Zentrum fiir wissenschaftlichen Geréatebau,
Berlin-Adlershof, Germany).

3. Results and discussion

3.1. Fusion-cast corundum materials

First, the results obtained for fusion-cast corundum
materials will be discussed. As we were able to show
[6], these materials contain rather different iron spe-
cies. Their oxidation state, concentration and local-
ization in an actual sample depend on the melting
conditions as well as on the post-melting processing.
Some of the Fe** ions substitute the A1** ions in the
corundum lattice and can be used as a spin probe,
reporting even small structural changes of the main
phase of the composite solid. A typical ESR spectrum
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Figure 2 ESR of Fe** ions substituting A3 in «-Al,Oj. (a) Ex-
perimental X-band spectrum (77 X); (b) computed angular depend-
ence of the transitions between the spin states using the zero-field
splitting paramater, D, and the cubic splitting constant a; (¢) com-
puted angular dependence of the transitions between the spin states
using the zero-field splitting paramater, D, but neglecting the cubic
splitting constant, a.

of these ions with a ®S ground state is shown in
Fig. 2a. For assignment of the resonances and an
understanding of the relations between pressure-
induced structural and spectroscopic changes, a simu-
lation of the powder spectra is necessary (see also [8]).
The simulations performed here were based on the
parameters of a spin hamiltonian derived from the
corresponding single-crystal ESR measurements. Not
only the zero-field splitting (zfs; [D| = 0.1483 cm ™ 1)
but also the parameters of the fourth-order
l(a—F)| = 0.048 cm~! had to be taken into account
(cf. Fig. 2 and Figs 7 and 8 below). Additionally, the
patterns of the experimental spectra exhibit specific
powder effects caused by surface, internal tensions and
disorder effects. Strain effects, especially, contribute to
the distribution of the parameters of the spin hamil-
tonian for S = 5/2. Thus, the single-crystal ESR para-
meters can only be used as a starting approximation
but the full simulation must be carried out with re-
spect to the effects inherently present in the powder or
induced by external forces, respectively. Using this
procedure all ESR signals of the Fe** species in the
glassy phase containing corundum compact materials
could be assigned: in addition to the Fe** ions on
A" sites of the corundum lattice mentioned above,
there is evidence for Fe** (i) substituting AI** in the
glassy network (g’ ~4.3; Fig. 3b), and (ii) at inner and
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Figure 3 Application of bending stress to a fusion-cast corundum
sample containing 20 vol % glassy phase: (a) the change of the ESR
intensity, A, of the iron species incorporated in the corundum
(¢'~13 and 5.3) and glassy phases (g'~4.3) as a function of the
applied bending load; (b) the corresponding experimental ESR
spectrum.

outer surfaces of this heterogeneous system also con-
tributing to the g’ ~4.3 region. (The spectral contribu-
tion of such Fe** species could be evinced by the ESR
spectra of fine dispersed Al,Oj particles prepared
from AIN by high-temperature oxidation in an oxygen
atmosphere [9, 14].) Furthermore, exchange-coupled
paramagnetic species, as well as traces of Cr*>” ions,
could be indicated in the low-field region [7]. FeO,
species precipitated at the grain boundaries
(3.5 > ¢’ > 2.3) sensitively react on external forces by
changing their resonance field positions and intensi-
ties [9, 10].

The response of the substitutional Fe** ions to
bending stress in the matrix leads to directly observ-
able ESR intensity effects which are accompanied by
small shifts of the corresponding transitions (Figs 3
and 4). These effects could be measured with sufficient
accuracy because they result in each case from one
and the same sample under the same experimental and
spectrometer conditions. The values for each point
used for the construction of the curves in Figs 3 and
4 represent averages of measurements performed on
five to ten different samples, taken from the same
region of the bulk of the fusion-cast material.

It is remarkable that the observed decrease of the
ESR intensities is a result of a slightly non-linear
response. This implies that a superposition of elastic
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Figure 4 Influence of the glassy phase content on the ESR bending
stress response. (a) Al is the decrease of the ESR intensity per MPa
load. The bars mark the scatter of the points using 5-10 different
samples; (b) spectral changes induced by bending stress.

and irreversible deformations of the material caused
by the mechanical perturbations have to be taken into
account. This was demonstrated by further experi-
ments. Fig. 5 displays the dependence of the ESR
signal intensities caused by Fe®* ions on A’ sites in
the corundum lattice as a function of the bending
stress applied. All curves of Fig. 5 reflect linear elastic
behaviour of the material for not too large loads.
A larger contribution of inelastic and, to a greater
extent, irreversible processes, results above a load of
40 MPa (not shown here). In many cases, immediately
after passing the last observable measuring point, the
fracture of the material took place without further
enlarging the load. Thus, the inner tensions of the
material exceed the border of the binding forces be-
tween the structural units and the material relaxes by
fracture. In contrast to that, in a few other observed
cases, the material was broken during the ESR experi-
ment but the spectral response indicated elastic behav-
iour up to this point. In other words, there is a load
region in which the loading/unloading (relaxing) pro-
cesses could be carried out reversibly. Each loading
and relaxation period was limited, in the experiments
discussed here, to 16 min. As Fig. 5 shows for the
loads < 40 MPa, the ESR intensities return exactly to
their starting values during the relaxation period.

Only small changes were observed for the signals
at g’'~4.3 caused essentially by Fe** ions in the glassy
phase together with a small contribution of Fe*™
located at the surface.
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Figure 5 Results of alternating (time interval for loading and reliev-
ing of stress = 16 min) bending stress experiments: decrease of the
ESR intensity as a function of the load applied repeatedly. Every
loading process starts with an external load of zero and runs to a, b,
c,d and 2, b, ¢, d', respectively, and after 16 min back to zero.

In the bending stress range investigated here, the
glassy phase as a constituent of the corundum mater-
ial remains only sightly affected (Fig. 3). But the ESR
method is sensitive enough to detect the small struc-
tural changes induced by bending stress experiments
in pure glassy materials (see below, Figs 9,10). In
general, this corresponds to pressure experiments on
glasses yielding small effects on the Fe®* species in-
corporated in the glass only in the GPa range [3].

As known from the macroscopically determined
mechanical properties of the corundum material dis-
cussed here [6, 11], the resistance against the bending
stress increases with increasing content of the glassy
phase (1.5-33 vol % fusion-cast corundum material)
having the composition 11.0 Na,O, 30.5 Al,O,, 58.5
SiO, (wt %). This result was confirmed by the ESR
studies presented here. The glassy phase not only fills
the cavities in the bulk material but also forms binding
forces in the interphase layer between the glassy and
crystalline phases, respectively.

The application of bending stress to corundum ma-
terials and simultaneous observation of the effects by
ESR in situ features some interesting phenomena:
(i) the findings of the commonly used macroscopic
bending stress experiment, in the siress range

20-100 MPa (see Figs 3-5) could be reproduced. The

Fe3" ions substituting A1** ions (Fe**: AI** = 1:6000)
appear to be suitable probes for the indication of local
structural changes in the lattice which cannot be ob-
served by other methods; (i1) in contrast to uniaxial
pressure experiments performed with the same mater-
ial [3, 9], essential changes of the intensities of the
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ESR transitions were observed. Uniaxial pressure ex-
periments vield both line shift as well as intensity
(i.e. line-width) effects. The intensity changes observed
here by ESR range between 1% and approximately
10%. In comparison to macroscopic measurements
[12], yielding an elasticity range of ~1% to 2% of the
corundum material, the observed ESR effects appear
to be quite large. This difference is due to the very
sensitive reaction of the ESR intensity to even small
structural changes. This can be explained as follows:
one can assume that the whole concentration of the
Fe®* species remains unchanged during the bending
stress experiment. Therefore, the area A covered by
the ESR transitions should also be constant and the
simplified relation between the intensity, I;, the line
width AB; of the transition i, and A can be used to
discuss the observed effects: A; = [, AB?. Thus, only
small changes of AB; cause a distinct change in the
mtensity. The line broadening caused by the (external)
bending stress superimposes the intrinsic effects of
broadening (e.g. due to internal tensions and is charac-
terized by more or less symmetric distributions
{I; = I(B)) of the ESR fine structure parameters.
A more quantitative estimation based on spectra
simulations yields a distribution of + 6 x 107?/D|.
This distribution of the zero-field splitting is caused on
a microscopic scale by stress-induced small elonga-
tions as well as compressions of the Fe** coordina-
tion polyhedra in the corundum lattice. In addition to
this, the tension causes small changes of the orienta-
tions of the individual magnetic axes of the paramag-
netic centres with respect to the external magnetic
induction, B,. Both effects contribute to the distribu-
tion of the parameters of the static spin hamiltonian.
From the simulation of the ESR spectra one can
deduce to what extent the various transitions belong-
ing to different spin states + 1/2, + 3/2 and +5/2
contribute to the individual peaks of the powder
spectra (see Fig. 2). This provides the basis for the
elucidation of the observed distinct reaction of the
individual ESR signals to bending stress. The unex-
pected effect that the narrow signal at g’ ~ 13 (Fig. 3)is
less influenced by the bending stress than that at
g'=~5.1 has its origin in an extended superposition of
contributions of different and stronger angular-depen-
dent transitions to the last one (Fig. 2b,c). Since spin
states with higher values of the spin quantum number
m, (e.g. mg= +3/2, +5/2) experience stronger
interactions with B, as well as with the lattice, a more
pronounced angular dependence of the signals
(Fig. 2b,c) results. The transitions with the largest
angular dependence essentially decide the response to
the stress applied. This relation holds, in a modified
manner, also for uniaxial pressure experiments even if
pressure gradients are present [10, 13]. The different
natures of the transitions at g¢'~13 and 5.2 and the
resulting different effective couplings to the lattice are
also demonstrated in Fig. 6. A distinct spin-relaxation
behaviour for the two discussed transitions results.
The dependence on the microwave power applied of
the ESR response in and out of phase with the field
modulation (100 kHz), is characteristic for the two
different sets of transitions at ¢’ ~5.2 and 13.
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Figure 6 Microwave saturation behaviour of Fe®* ions in 0-Al,O5 at 4 K. (a—c) In-phase ESR signal of the low-field part of the spectrum at
the variation of microwave power over three decades of magnitude; (d—f) the corresponding out-of-phase signals.

For a microscopic picture, it is of interest how the
different parameters of the spin hamiltonian contrib-
ute to the line shift and intensity effects. Figs 7 and
8 give, by systematic variation of the constants D,
a and F, an impression of that dependence. While the
positions of the transitions 1 -2 and 5 — 6 are only
slightly affected by the variation of the cubic splitting
constants a and F, respectively, the influence of D (and
therefore of a D distribution) also is clearly shown in
Fig. 7c. In contrast, the ratio of the intensities of the
two resonances as observed by the bending stress
measurement is more influenced by a and F than by
|D| (see Fig. 8). .

As shown by the ESR in sifu uniaxial pressure and
bending stress investigations of the compact glassy
phase containing corundum materials, .these
combined experiments gave no direct information
concerning the mechanical influence on the
incorporated glassy phase. Thus, the stress influence
on the Fe** ions in the glassy compartments of the
material is rather small. But, as mentioned above, the
glassy phase present in the systems enlarges the
mechanical stability of those materials. The main
effect here results from the decrease of porosity.
Specimens of fusion-cast polycrystalline corundum
materials which contain only traces of a glassy phase
are characterized by a high degree of porosity and,
consequently, the mechanical strength is much less
than that of the single-crystalline or glassy-phase
containing materials. This difference is caused at last
by macroscopic reasons and can be related to the
thermal properties of corundum: (i) large volume

shrinkage during crystallization from the melt, and
(ii) further contraction processes during cooling the
solid material to room temperature. The last effect
could also be monitored in situ by the changes of the
Fe*" ESR fine structure in the temperature range
3<T<1073K. Because the zero-field splitting
is increased by distortions when lowering the
temperature, the low-field transition (g’ ~13) exhibits
a distinct high-field shift. On the contrary, a low-field
shift results at higher temperatures, indicating a
lowering of the zfs parameter, D, by thermally induced
averaging of the distortions of the [FeOg] polyhedra.
This statement could only be given on the basis of the
simulation of the ESR spectra, yielding, for example,
an increase of D of 5.3% for the temperature change
from 300 K to 77 K.

3.2. Glasses

The large resistance of glasses against uniaxial and
isostatic pressure at room temperature is well
known. Thus, when applying pressure, only small de-
formations of the glassy network result and, as a
consequence, the coordination polyhedra of the in-
corporated paramagnetic ions remain only slightly
changed [6]. One of the specific advantages of the
combined spectroscopic and bending stress measure-
ments to glasses rests in the fact that the network
reacts much more sensitively to the tensions formed in
the material than to the pressure applied. During the
application of tensile stress, locally some binding for-
ces are diminished and certain chemical bonds become
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Figure 7 Positions of the resonance fields computed for Fe** (55,

ground state} in a powder with a spin hamiltonian for trigonal
symmetry (see also [8]) with g =2.0026, |D|= 5130 MHz,
a =700 MHz, F = — 500 MHz (these parameters correspond to
the simulation of Fe** ions containing corundum material meas-
ured by ESR at 2.4 K). (a) Variation of the line positions with the
cubic splitting constant a for D = 5000 MHz and F = 0; (b) as (a) at
the variation of F with D = 5000 MHz and a = 600 MHz; (c) vari-
ation of |D| with @ = F = 0.

weaker. To prove this statement on a microscopic
level, in situ ESR bending stress experiments were
performed on glasses using different types of incorpor-
ated paramagnetic centres to monitor the reaction of
the glassy matrix on the mechanical perturbation.
Changes in the local structure were indicated by
a decrease of the ESR intensity of the transitions
within the spin system of the paramagnetic probes. As
Fig. 9 shows, distinct effects result for different radi-
ation-induced paramagnetic defects (trapped holes
like SiO~/h™ with g > 2 or trapped electrons M"* /e~
with g < 2). Applying a linearly increasing load in the
MPa range, a non-linear decrease of the signal ampli-
tudes is caused by the superposition of different
tension-induced line-broadening effects. The ESR re-
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sponse of the defects reflects not only the distortions of
the local geometry and the perturbation of the elec-
tronic structure but also the changed orientation of
the magnetic axes. .

Coexisting trapped electron and hole centres in one
and the same sample (Fig. 9; y-irradiated, cadmium-
containing sample) did react differently to the bending
stress applied. This behaviour is caused by the differ-
ent nature of the centres (e.g. depth of the traps)
including their different interactions via spin—orbit
coupling to the glassy network.

The response of the incorporated transition metal
ions to bending stress applied in the ESR spectrometer
is less pronounced (Fig. 10). The stress-induced
changes do not reach those of the defects. To obtain
measurable effects, ions with either a large g-aniso-
tropy (Cu?*) or with a large zero-field splitting (Cr> ")
were chosen. From an energetical point of view the
two types of paramagnetic centres (i.e. the ions and the
defects) represent deep and shallow impurity centres.
Therefore, the reactions of the defects to the bending
stress not only reflect the higher energy of their
ground state but also their greater sensitivity to
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structural changes such as the variation of bond
angles at the formation of a stress state in the sample.

1t should also be noted that the values of bending
stress applied so far are insufficient to stimulate the

recombination of defects.

4. Conclusion

Summarizing the observed phenomena one can estab-
lish the following advantages of the combination of
a three-point bending stress arrangement with an ESR
spectrometer: (i) direct and continuous observation of
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the material under the action of bending stress up to
mechanical destruction of the sample, (i) optically
‘transparent samples are not necessary, but a further
direct combination with optical methods is, in general,
possible, (iii) the high sensitivity and selectivity of the
ESR method allow the first steps of stress influence on
the local geometry to be followed long before the
crack appears and fracture finally takes place, respec-
tively, (iv) local effects are observed on the atomic
scale which can be related to the mechanical proper-
ties by an appropriate hamiltonian, (v) the revers-
ibility of the effects can easily be proved by a suitable
alternating stress/relaxation regime, (vi) variation of
further parameters, like temperature or application of
tensile stress, is possible.

The combined bending stress experiments cannot
only be used to indicate mechanically induced macro-
scopic processes competing with inner tensions in ce-
ramic or glassy materials. They can also be used in
a qualitative manner to identify paramagnetic species
of different electronic structures and to support the
assignments of the transitions between the corres-
ponding spin states.
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