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Effects of phase Separation and devitrification processes in oxide
glasses on ESR spectra^^
Marianne Nofz
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Reinhard Stösser and Gudrun Scholz
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T h e consequences of phase Separation a n d devitrification processes for the E S R pat te rns of Fe^"^ ions and oxygen hole centres in
giassy a n d glassy-crystall ine Systems are discussed. Analysis of the Fe^^ spectra by Simulation (including 4th order terms) allows
their mode l -based In terpre ta t ion for homogeneous , phase-separated and devitrified samples as well. It is even possible to est imate
the ra t io of Fe^^ ions incorpora ted in to the giassy matr ix to those localized in the crystalline phase.

A n influence of irreversible s t ruc tura l reorganizat ion in glasses on y-irradiat ion-induced oxygen hole centres is detectable by
studying their Saturat ion b e h a v i o u r For the example of a ba r ium Silicate glass s tudied here, p ronounced passage effects could be
detected at 77 K. In cont ras t ,  a devitrified sample of the same composi t ion after γ Irradiat ion yielded the same spectral pa t te rn at
low microwave power, bu t only Saturat ion b roaden ing was to be observed when rising the microwave power.

In an annea led sample of anor th i t e compos i t ion (in mol%: 25CaO, 2 5 A I 2 O 3 , 5 0 S i O 2 ) progressive crystal growth was detectable
us ing Fe^^ ions as probes.

Einfluß von Phasentrennung und Entglasungsprozessen in Oxidgläsern auf ESR-Spektren

In der vorl iegenden Arbei t werden Auswirkungen von Entmischungs- u n d Entglasungsprozessen auf die ESR-Spekt ren von Fe^+-
l o n e n u n d Sauers tof f -Loch-Zent ren diskut ier t . Die Analyse der Fe^+-Spektren durch Simulat ion (Einbeziehung von Termen bis zur
4. O r d n u n g ) gesta t te t deren mode l lmäß ige In te rpre ta t ion für homogene , entmischte u n d entglaste Proben. Es ist sogar möglich, den
Antei l der Fe^^- Ionen , die in das Glasne tzwerk bzw. die kristalline Phase e ingebaut wurden , abzuschätzen.

Ein Einf luß der genann ten Prozesse auf s trahleninduzier te (y-Strahlung) Sauerstoff-Loch-Zentren ist durch die Un te r suchung
des Sät t igungsverhal tens nachweisbar . D a s hier als Beispiel angegebene Bariumsilicatglas wies bei 77 Κ ausgeprägte Passageeffekte
a u f Eine entglas te y-bestrahlte P r o b e dieser Charge zeigte bei kleiner Mikrowellenleistung das gleiche ESR-Signal , j edoch war bei
E r h ö h u n g der Mikrowel lenle is tung nu r eine Linienverbrei terung (Ergebnis der Sät t igung) nachwe i sba r

In einer ge temper ten Probe mit A n o r t h i t - Z u s a m m e n s e t z u n g (Stoffmengenanteil in %: 25CaO, 2 5 A I 2 O 3 , 50SiO2) zeigten die
Tieffeldspektren der Fe^^- Ionen ein gerichtetes Kris ta l lwachstum an.

1. Introduction
Irreversible s t ructural reorganizat ions in glasses like

phase Separation and devitrification are of scientific and

technical interest. They can alter the propert ies of glasses

and glass-ceramics in desired and undesired ways. Unfor-

tunately, the latter case appears ra ther commonly and

there is a need to overcome these processes under indus-

trial aspects by suitable choices of the composi t ion as well

as the processing and post-processing parameters . O n the

other hand , there is a genuine interest in analytical infor-

ma t ion concern ing the na ture and extent of the structural

processes changing the vi treous State of a material . Com

monly, m e t h o d s like electron microscopy, scattering, op

tical birefringence [1 to 4] are in use a n d yield the desired
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information with the necessary precision. Bearing these

facts in mind, it is rather unusual to apply the electron spin

resonance (ESR), the local spectroscopic method , in this

field, however, some examples [5 to 9] already do exist. At

least three reasons justify its apphcation:

a) The ubiquitously present Fe^+ ions and the easily gen

erable t rapped hole centres can be detected wi thout prob-

lems by conventional ESR. The resulting parameters (es-

pecially fme and hyperfme structures, hne widths and

width of parameter distributions) sensitively react even to

very small s tructural changes in the ne ighbourhood of the

paramagnet ic centres (pc).

b) The local electric field experienced by the pc s is not

only created by the first sphere of the coordinat ing atoms.

It rather represents collected contr ibut ions of the second

and third Shells.

c) The E S R experiment is inseparably connected with an

effective magnet ic field (e. g. the magnetic induct ion of

the laboratory magnet which governs the direction of
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Table 1. Compos i t ions (in mol%) of the investigated samples

sample R b j O Cs jO BaO C a O A I 2 O 3 Si02

RbS20
RbS30
CsSlO
CsS20
CsS30
BaSBO
C A S

20
30

10
20
30

30
25 25

80
70
90
80
70
70
50

quantizat ion). This opens the unique possibility to check
even small deviations from the macroscopically Isotropie
State of a sample by changing its orientat ion with respect
to ^ 0 - In other words, the ESR can be used to detect the
locally relevant initial Steps of irreversible s t ructural reor-
ganization (like devitrification or phase Separation).

Therefore, it is the aim of the present paper to show,
how E S R indicates the processes ment ioned above if Fe^^
ions and t rapped holes serve as monitors . Fur the rmore ,
examples of the analysis of the complex spectra will be
given by spectra simulations.

2. Exper imental

The glass samples of the composi t ions given in table 1 
were prepared by using the respective alkali and alkaline
ear th carbonates as well as A 1 ( 0 H ) 3 , and Si02 , and pro-
ducing  a melt in covered plat inum crucibles at 1550°C.
The homogeneous melt was poured into steel moulds and
then cooled down either in a desiccator (alkali-containing
ones) or in a furnace (BaS30, CAS) held at 50 Κ above the
estimated t ransformation temperature for 1 h and then
cooled down to room temperature. Fur the r different tem
perature t reatments were performed on selected samples
and will be described in the text below.

For  y i rradiations (^^Co) of the samples at room tem-
perature an averaged dose rate of approximately  1 M r a d
was applied for 1 h.

X-band E S R spectra were recorded at 77 K/300 Κ
using an ERS300 spectrometer (Zent rum für Wis-
senschaftlichen Gerä tebau , Berlin (Germany)) and
the microwave power was varied in the ränge
200 nW<PMw^lOO mW.

3. Theoret ical background  ESR as a source
of information on local and m e d i u m - r a n g e
Order

M o r e than fourty years ago the first E S R experiments on
glasses were conducted. But even in the last t ime some
progress was m a d e in the Interpretation of spectra of t ran-
sition metal centres, especially Fe^^ ions incorporated in
the giassy matr ix [10]. For general information on the
basic principles of ESR one can refer to [11 and 12], and
for a review concerning the possibilities of E S R in the field
of glass science to [13 and 14].

As generally accepted,  a powder of paramagnet ica l ly
doped (regulär) microcrystals as well as a specimen of a 
cor responding glass as a whole should exhibit n o m a c r o -
scopic anisotropy. O n the other h a n d , the spin-coupl ing
paramete r s of the E S R appear to be tensors (or in a some-
what simpler sense coupl ing matrices) which are re spon-
sible for the a n n o u n c e m e n t of the local an i so t ropy o f
paramagne t i c centres in the experiments. This ho lds even
for powders or glasses, too . Therefore, the local p roper t ies
are accessible by E S R a n d they represent n o t only effects
of the first coord ina t ion sphere of the centres. They a lso
collect effectively the influence of the second a n d th i rd
spheres. A m o n g other things, this m e a n s that any devi-
ation from the chaot ic dis t r ibut ion of the centre-specific
coord ina t ion axes mus t consequent ly change the values
and the dis t r ibut ion of the coupl ing parameters . Finally,
via these pa ramete r s a n d at tached dis t r ibut ions the over-
all pa t te rns of the result ing E S R spectra are changed . In
other words, devitr if ication or phase Separation processes
of  a glass experimental ly watched by E S R can only be
understood on the basis of the Simulation of the corre-
sponding spectra. In principle, this Statement holds for

any type of spin system, bu t in this work  a restr ict ion to
S' = 1/2 a n d S' 5/2 Systems will be made.

The basis for such simulat ions is given by a p h e n o m -
enological spin H a m i l t o n i a n conta in ing the different
energetic perturbat ion con t r ibu t ions as a function of spin
Operators. For the case discussed here ^spin has t o

represent the following interactions:

^ s p i n Η (Zeeman- a n d zero-field-splitt ings). (1)

Both te rms are in general far away from the Isotropie case
and especially for Fe-̂ "^ ions in glasses the second t e r m h a s
to cover cont r ibu t ions u p to the fourth order [10, 15 a n d
16]. F igure  1 schematically depicts the procedure of the
calculations of the mode l spectra, which were c o m p a r e d
with the exper imental ones. T h e exper imental spec t rum
of traces of Fe^^ ions in Silicate glasses is character ized by
an asymmetr ic signal centred at an effective  g factor g' of
4.3 which is accompan ied by two resonances at g   8.6
and 2, respectively. T h e analysis of these signals is the a im
of the Simulation. It uses a fourth order spin H a m i l t o n i a n
including the zero field pa ramete r s  D and Ε and the q u a r -
tic fine-structure coupl ing pa ramete r s α and F [ l 1]

H,p^  ß,BgS  + S{D,E,a, F)S (2)

where  Bohr magne ton ; Β = magnet ic induc t ion vec-
tor; g g pa rame te r matr ix ; S  electron spin angu la r -
m o m e n t u m vector. Fo r calculat ing the spectra D 

 9250 M H z and E=l/3  D were kept cons tan t a n d a p p r o -
priate line shape functions were chosen. For Α and F a two-
dimensional Gauss i an dis t r ibut ion was assumed a n d the
corresponding spectra were computed . Their supe r impo
sition with weights given by the probabil i ty Ρ (up to 70
Single spectra) gave the calculated spect rum, which could
reproduce the observed exper imental line shape.

Concern ing the typical E S R X - b a n d pa t te rn o f the
Fe^^ ions a n d the t r apped holes, respectively, some in-
structive examples are presented in figures 2a to e. Α sym-
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Figure 1. Scheme of the Simulation of the E S R spectra of 3 d^
ions incorpora ted in to a m o r p h o u s media .

metr ic line aX g' 2 is characteris t ic for a crystalline,
cubic System, which is to be described by Α ^  0 and α,
F 7^ 0 (figure 2a) . If aggregates of F e ^ - ^ - O - F e ^ ^ or
F e ^ ' ^ - O - F e ^ ^ subuni ts appear (figure 2b), then a b road
resonance at  2 is detectable. T h e line broadening is
the result of magnet ic interact ions between the neigh-
bour ing ferric and ferrous iron ions. Additionally, a reso-
nance at g' = 4 . 3 caused by Fe^"^ ions in an o r tho rhom-
bically dis tor ted coord ina t ion sphere (figure 2c) can be
observed. F igure 2e represents the Fe^^ pat tern of a par-
tially devitrified glass, caused by super imposed signals of
the type shown in figures 2c a n d d. It follows that a rel-
evant difference between Fe-^^ ions incorporated into a 
crystalline system with local o r t h o r h o m b i c symmetry and
those incorpora ted in to a giassy matr ix results from the
dis t r ibut ion of the zero-field-sphtting parameters [10].

In glasses bear ing a low level of iron ions (e.g., traces
of impurit ies) t r apped hole centres can synchronously be
used to provide informat ion concerning some relevant as
pects of the local s t ructure of a giassy matrix. As figures
2f to k show, the symmetry of the local electric fields sur
round ing the hole centre is clearly reflected by the habit
of the mode l spectra. Especially, the Variation of the line
widths (figures 2i to k a n d table 2) a n d the distribution of
the componen t s of the g t ensor [17] are of significant influ-
ence on the result ing spectral pa t te rn .

4. Results - Examples for ESR-detected
irreversible changes in glasses
As figure 3 mirrors , the E S R spectra of Fe^"^ ions present
as impuri t ies in the rub id ium and caesium Silicate glasses

500 322
Magnetic induction Bq in mT • 

Figures 2a to k. Some general E S R features of Fe^+ ions
(S = 5/2) and t rapped holes ( 5  1/2) observed on powdered
crystalline and giassy samples;
a) cubic Systems: D, Ε  0; a, F 0; 
b) aggregates of F e ^ ^ - O - F e ^ " ' , ¥q^+-0-Fq^^ subunits;
c) o r t h o r h o m b i c Systems: D, E, a, F 0;
d) typical X - b a n d E S R of Fe^^ in oxide glasses;
e) Fe^^ in partially devitrified glass;
f) to k) simulated spectra ob ta ined for defects with S'  1/2
using the paramete rs given in table 2.

Table 2.  g factors and line widths used for s imuladng the spectra
(S'  1/2) shown in figures 2f to k 

spe t rum g factor line width in m Tspet rum

gl gl g3 Δ^ι AB2

figure f 2.0098 2.0098 2.0098 0.50 0.50 0.50
figure g 2.0440 2.0098 2.0098 0.50 0.50 0.50
figure h 2.0440 2.0098 2.0098 0.50 0.10 0.10
figure i 2.0440 2.0098 2.0034 0.50 0.10 0.15
figure j 2.0440 2.0098 2.0034 5.00 0.30 0.30
figure k 2.0440 2.0098 2.0034 5.00 0.70 0.30

yield undoub ted evidence for significant deviations from
the giassy State of the specimens studied. It should be
noted that these glasses were investigated without per
forming any thermal or other post-processing procedure.
The Splittings of the signals at g' 4 . 3 (for comparison
figure 2d shows the typical low-field Fe^^ signal in
glasses) undoubted ly and sensitively indicate the coexist
ence of giassy and partially crystalline regions in the
samples. F rom microscopic and other studies it is known
that glasses of such composi t ion tend to segregate and the
E S R here gives a microscopic indication of the first Steps
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Figures 3a to e. Low-field E S R spectra {g'  4 .3; 77 K; Pmw 
 20 m W ) of alkali Silicate glasses; a) RbS20 , b) RbS30 ,

c) CsSlO, d) CsS20, e) CsS30.
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Figures 4a and b. Low-field E S R spectra (g   4 .3; 77 K;
Pmw  20 m W ) of a) the giassy sample BaS30, b) the devitri-
fied p roduc t obta ined after anneal ing  a specimen of such  a glass
at 825 C for 24 h and subsequent γ Irradiat ion.

of such segregation processes. Fur the rmore , figure  4 rep-
resents  a typical pat tern of thermally induced increasing
crystallinity indicated by the E S R of Fe^ ^ ions. The ther-
mal t reatment (24 h, 825 °C) here results in the formation
of crystallites (50 to 100 pm) observable by light mi-
croscopy. Spectral effects showing similar tendencies
could be observed and suppor ted by simulations of the
spectra of Fe-^^ ions in layer Silicates of different crystal-
linity [18]. The latter could be proven by X-ray analysis.

As ment ioned at the beginning, no t only the transi t ion
metal ions but also the electronic defects can be used to
detect irreversible structural changes in glasses. Figures 5a
and  b give an Impression of the pa t te rn of superimposed
Signals of H C i and HC2 centres [19] produced by γ ir-

336330 336 324 330
 Magnetic induction in mT

Figures 5a a n d b. E S R spectra (g  2 region, 77 K ) of y-irra-
diated alkal i Silicate glasses t aken at a) 2 pW, b) 63.2 mW.
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Figures 6a a n d b. E S R detect ion of progressive crys ta l g rowth
in an annea led (1100°C, 140 h) glass sample of a n o r t h i t e c o m -
posi t ion (CAS) using the Fe^+ ions as probes ; figures a) a n d b)
represent two different or ien ta t ions of the sample wi th respect
to the direct ion of the magnet ic field.

radia t ion (figure 5a) and of the response of these species
to an enlarged microwave power (figure 5b). T h e overall
pa t te rn of the spectra is governed via the l inewidth Δ ^ , by
the the rma l history inducing  a partially devitrified State of
the matr ix . Fu r the rmore , there are only small microwave
Saturation effects. It is immediately noticeable tha t es-
pecially the caesium-rich glasses exhibit more o r less Sym-
metr ie spectra, which were only slightly affected at the
higher power level. Keeping in mind all spectral a n d tem-
pera ture-dependent (not shown in this paper) fmdings one
can conclude that here mainly exchange-coupled defects
(e.g., interact ing t rapped holes and electrons {/z^  ^t^})
were stabilized. In this case, the internal in terac t ions gov-
ern the spectral habi t a n d the changes of the State of the
giassy matr ix are even bet ter indicated by the individual
Fe^+ po in t defects.

T h e p h e n o m e n o n of progressive crystal g rowth in
glasses could advantageously be studied by t h e r m a l t reat-
men t of samples (plates of (1  X 10 X 20) mm^) of the an
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Figures 7a a n d b. E S R spectra (g  2 region, 77 K) of the
y-irradiated giassy sample BaS30 (figure a) a n d the devitrified
specimen ob ta ined after annea l ing such  a glass at 825 C for
24 h a n d subsequent γ I r radia t ion (figure b) .

Magnetic induction Bo in mT

Figures 8a to c. Simulated X - b a n d E S R spectra of a) powder
of crystalli tes doped with Fe^^ ions: zero-field-splitting p a r a m -
eters D  9250 M h z , Ε = 1/3 D,  2 m T ; b) Fe^^-doped
oxide glasses us ing  a two-d imens iona l G a u s s i a n distr ibution of
the cubic Splitting pa rame te r s α and F, c) super imposi t ion of
figures a a n d b with the rat io 8 : 1 .

or thi te composi t ion (in mol%: 2 5 C a O , 25AI2O3, 50SiO2).
Here no t only  a change of the spectral pat tern caused by
the low-field Fe^^ fme structure was observed (figures 6a
and b) . M o r e interestingly, measur ing of different orien-
ta t ions of the plates with respect to the direction of the
magnet ic field (figures 6a and b) even reveals  a macro-
scopic anisot ropy of the thermally t reated specimens. This
anisotropy, caused by progressive crystal growth inside
the giassy plates, demonst ra tes  a un ique oppor tuni ty to
apply the E S R m e t h o d in the field of material science.

A n example of how the t ransformat ion of a giassy ma
trix can be detected by low-tempera ture ESR of y-ir-
radiated glasses is given in figures 7a a n d b. It can be seen
that the unt rea ted sample gives an E S R response which
announces by its shape Saturation a n d passage (100 k H z
effect modula t ion) effects above  a microwave power of
20 mW. After  a the rmal t rea tment (24 h, 825 °C) bo th ef-
fects were remarkably reduced and there is a correspond-

Y
e)

Figures 9a to f Simplified graphic representat ion of the corre-
spondence between irreversible processes (phase Separation and
devitrification) occurr ing in glasses and the pa t te rn of the E S R
response of the Fe^^ ions present in the sample;
a) appearence of a crystalline phase in a giassy matr ix as a result
of devitrification,
b) if phase Separation occurs, then, at least, two giassy phases
with different chemical composi t ions coexist in the sample,
c) the pa t te rns of signals caused by Fe^+ species being pa r t of
the crystalline and giassy phase, respectively, are different con-
cerning the line widths,
d) the habi t of Fe^"^ resonance does no t change if the chemical
compos i t ion of the glasses is altered,
e) result of Simulation of the Fe^^ spect rum for a devitrified
sample ob ta ined by superimposi t ion of the spectra of " two spe
cies" (see figure 8c),
0 Simulation of the typical "Fe^^- in-glass" pat tern , also ob-
served in phase-separated samples.

ence to the result of the segregation process indicated by
the Fe^^ resonance at g' —4.3 which has taken place in
the sample. In the course of this process microcrystallites
and grain boundar ies were formed. The latter possess not
only more degrees of freedom, but they are also enriched
with iron species enlarging the effectivity of the spin relax-
ation process.

5. Summary and conclusions
The effects observable by Fe^^ ESR were summarized in
figures 8a to c using the calculated spectra. Starting with
the spectrum of a crystalline system in which the Fe^^ ions
occupy o r tho rhombic sites (figure 8a) and superimposing
the glass spectrum (figure 8b) as obta ined by the pro-
cedure shown in figure 1, two kinds of information are
accessible by compar ison of figure 8c with the experimen-
tal results: first, the changes of the spectral pat tern (figure
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8b) evidence that irreversible structural changes have

taken place; second, the weighted superimposit ion allows

to determine the amoun t s of the crystalline and non-crys-

talline par ts of a sample.

Spectral effects observable for Fe^^ species in phase-

separated and devitrified samples, respectively, are sche-

matically summarized in figures 9a to f. In an ideal h o m o -

geneous giassy network the chemical composi t ion is the

same in any region of a sample. Α somewhat different Situ-

ation occurs in the case of devitrification. As indicated in

figure 9a, then at least two phases will occur:  a giassy ma-

trix and crystallites. They may have either the same or dif-

ferent chemical composit ions. But the main difference is

related to medium and long-range order. In the crystallite,

the structure will be characterized by a more or less dis-

tor ted lattice periodicity and thus, only  a nar row distri-

but ion of bond angles and lengths will result. Otherwise,

the giassy matrix with its network structure will be charac-

terized by a distinct, broader and specific distr ibution of

these geometric parameters . If no further magnetic inter-

actions occur, then the signals of the crystalline phase are

expected to be narrower than those in the giassy matr ix

(figure 9c). In the result of superimposit ion of bo th sig-

nals,  a pat tern of the type shown in figure 9e will be de

tected.

But, if phase Separation occurs, the Situation is altered.

There will be regions of different chemical composit ions,

characterized by phase boundar ies and usually described

as droplets in a matrix (figure 9b). As a consequence of

the different chemical composi t ions of droplet and matr ix

their network structures could be different. This may be of

importance for the formation of different types of t rapped

holes [19]. But since no pronounced composi t ion depend-

ence for "Fe^^-in-glass" pat tern was detected (if the iron

concentrat ion was kept constant) , the resulting spectral

E S R effects do not differ from those of a homogeneous

glass. This problem has to be investigated in detail by

further studies. It is not clear yet whether the spin dynam-

ics of point defects can indicate phase Separation effects.
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