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IV. CONCLUSIONS

The behavior of the enhancement-factor and re-
laxation-times curves is well described by the
drumhead model. Using the drumhead model for
the domain wall the enhancement-factor magnitudes
and behavior are derived from the equation of mo-
tion. The eddy-current damping appears to deter-
mine the magnitude of the domain-wall motion and
thus the enhancement-factor behavior in pure Fe,
whereas because of the increased resistivity and
decreased saturation magnetization the stiffness
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and damping effects appear to be comparable in
the ordered alloys. The maximum enhancement
factor is found to vary in the same manner as the
initial permeability with alloying.

The nuclear relaxation appears to be via emission
or absorption of a single bulk magnon, as was
found to be the case in pure Fe. The relaxation
times vary as much as a factor of 3 or 4 for differ-
ent sites in the same alloy. This may reflect reso-
nance or virtual magnon levels in the spin-wave
spectrum.
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The optical properties of the rare-earth dopant neodynium in crystal and glass hosts of the

identical chemical composition Ba,MgGe,0; have been studied on a comparative basis.

technique offers many advantages.

This

Concentration quenching of emission is seen to commence

at <1.0 at.% Nd* doping in the glass, but not at all for Nd* concentrations of up to ~ 2 at.% in

the crystal.

This and other related concentration- and temperature-dependent phenomena, in-

cluding multiple-lifetime effects observed in the glass, are shown to be consistent with the ex-
istence of two predominant types of resonant-energy-transfer mechanisms between Nd* ions.

INTRODUCTION

In recent years stimulated emission has been re-
ported in many solid-state hosts doped with various
rare-earth ions,'™ In this group of activators,
Nd** has been the most extensively used one, In
this paper we present the results of an investigation
of Nd** luminescence in crystal and glass hosts of
identical chemical composition Ba,MgGe,0,.

EXPERIMENTAL DETAILS

All the single crystals of Ba,MgGe,O, were grown
by a top-seeded-solution technique,? Glass samples
were prepared by melting down a stoichiometric
mixture of the required chemical composition and
cooling it rapidly through the nucleation tempera-
ture.’ All samples were cut and polished to the
same dimensions (approximately 5X6X7 mm) .
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Ba,MgGe, 01:.8 at.% Nd>*glass
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FIG. 1. Absorption spectrum of Nd**
at 80 °K.
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Absorption measurements were made with Cary
14R and Beckman IR12 photometers. Fluorescence
and excitation spectra were monitored with a Jar-
rell-Ash 0, 5-m grating spectrometer and a S1 pho-
tomultiplier tube followed by a low-noise pream-
plifier, a lock-in amplifier, and a strip-chart re-
corder. A variety of optical pump sources, mono-
chromators, and filters were also used when nec-
essary, Lifetime measurements were made by
exciting samples with a pulsed xenon source, feed-
ing the preamplifier output directly into a fast-
rise-time oscilloscope and photographing the trace,
The pumping pulse had a duration of a few usec
which was much smaller than the smallest lifetime
measured ( ~ 80 usec). A more comprehensive
description of experimental details and results pre-
sented here is given elsewhere. ®

RESULTS AND DISCUSSIONS

Figures 1 and 2 show typical absorption and
emission spectra of Nd**-doped crystal and glass
samples, All crystal spectra exhibited marked
intensification and narrowing of both emission and
absorption peaks as well as an increase in life-
time as the temperature was reduced from 300
to 80 °K. Inhomogeneously broadened emission
and absorption bands in glass were relatively un-
affected by changes of temperature in the same
range. Variations in activator concentration from
0.2 to 2% and from 0. 2 to 10% atomic fraction® in
crystal and glass, respectively, had little effect on
wavelength or linewidth in either host. Typical
half-widths of lines at 80 °K were ~10 A for crystal
samples and ~200 Afor glass samples.

The greatest Nd?* absorption occurred at 0. 805 u
and ~0,58 u in crystal and glass, respectively,

9000

while maximum emission occurred for the *F,,,
~*1,,/, transitions at 1.054 and 1,065 u. The
Stark splitting of the fluorescent *Fy,, level in the
crystal was 129cm™,5

The barium magnesium germanate lattice belongs
to the akermanite (i.e., Ca,MgSi,O,) group. The
ionic radii of the host matrix cations are Ba®*
=1.354, Mg?*=0.65A, and Ge**=0.53 A, Hence
a Nd** ion of radius 1,08 A can be accommodated
comfortably only in a Ba® site. The structural
regularity of the doped crystal and purely ex-
ponential fluorescent lifetime indicate that the Nd®*
ions are incorporated substitutionally in Ba?* cation
sites. K* charge compensation is provided., The
4f electronic shell of the Nd®* ion in which the
fluorescent transitions occur is relatively well
shielded from external perturbations, Thus shifts
in corresponding energy levels of Nd3* from one
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FIG. 2. Emission spectrum of Nd* at 80 and 300°K.
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type of host to another are usually ~100cm™!,
However, in going from Ba,MgGe,0, crystal to
glass, shifts in the centers of gravity of identi-
fiable peaks were ~25cm-!, indicating that the
average change in site symmetry is not large,”’
Temperature-insensitive inhomogeneous broaden-
ing due to a variety of slightly differing sites in
Ba,MgGe,0, glass is typical of Nd** in other glass-
es''? as well. Some of the room-temperature
broadening of crystal lines is caused by lattice
phonons., A temperature-independent component
of broadening which leads to linewidths ~5 A even
at ~5 °K may be due to slight local disordering by
the charge compensator.

The o and 6 (axial) spectra of Nd* in the crystal
host were identical, indicating that electric dipole
transitions were the dominant mechanism in both
absorption and emission, The uv absorption edge
for both hosts occurs at ~0. 34 ., but excitation
spectra showed that unlike certain other rare-
earth-doped matrices® there was no transfer of
energy absorbed in this way, from the matrix to
activators via ligand ions, Furthermore, for any
given absorption line the absorption cross section
was independent of Nd** concentration (i.e., Beer’s
law was obeyed®) in both hosts. Hence the oscillator
strengths of Nd** transitions involving the %Iy,
ground state are independent of activator concentra-
tion in crystal and glass.

The quenching of Nd3* fluorescence and lifetime
as a function of activator concentration was studied.
In the case of crystal samples no quenching of emis-
sion or lifetime of the excited state was evident for
activator concentrations from 0. 2 to 2% atomic
fraction. Figures 3 and 4 clearly indicate effects
of concentration quenching on the emission and life-

time, respectively, of the *F;,, level of Nd* in glass.

Quenching has already commenced at < 1% atomic
fraction of Nd** concentration in both graphs.
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FIG. 3. Relative Nd** emission intensity per ion vs Nd%*
concentration in Ba,MgGe,0; glass at 300 °K.
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FIG. 4. Lifetime of ‘F3, level vs Nd* concentration in
Ba,MgGe,0, glass.

There may exist in the glass a quenching mecha-
nism of the type first postulated by Peterson and
Bridenbaugh, 1% ! involving the resonant transfer of
energy. The process is illustrated in Fig, 5(a).
Consider two Nd** ions A and B which are close to
each other, Initially A is in the excited ‘F, state
while B is in the ‘I, ground state, Ion A now
transfers some of its energy to ion B so that finally
both activators end up in the intermediate *I;;,,
level; then rapid phonon decay!? from this level
down to a state lying between the *I;;/, and *I,,,
(e.g., the Iy, state) would complete the process,
effectively killing the emission from the ‘Fs/z level
of A, The transition probability for such a resonant
transfer has been postulated to be of the form!3-17

Pas(®)= i [ 2B esl) B,

where R is the distance between activators, K is

ION A ION B ION C ION D
4
Fas —_— E %R, -ﬁ- -+
i i
Ea ! !
| ]
[
4Ils/z \ E2 II :
I * 1
Es | |
: |
419/2__ 0 419/2_1u_ .

Transfer condition: E'~E

(a) (b)

FIG. 5. Resonant energy transfer mechanisms between
Nd* ions.
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a constant depending on the type of resonant transfer
(e.g., electric dipole, electric quadrupole, etc.),
o is a constant ~6 to 10 depending on the type of re-
sonant transfer, g,(E) is the normalized line shape
of the *Fy,,~ ;5,5 transition in ion A, and gp(B) is
the normalized line shape of the %, ,~ ‘5, transi-
tion in ion B.

The functions g,(E) and g5(E) are approximately
bell shaped and peaked at energies E, and Eg, cor-
responding to the two respective transitions. Thus
if E, ~ Eg, the value of the overlap integral
J=[ g, (E) gg(E)dE would be significant, and pro-
vided that the ions were close enough (i.e., R
small), the transfer probability P,z could become
much larger than the probability of photon emission
P, from the *F, /2 level of ion A. This would quench
emission and fluorescent lifetime. On the other
hand, if the energy mismatch AE=E, — Eg were
large, J— O. Hence P,y < P even for small in-
teractivator distances R and normal photon emis-
sion would be the dominant deexcitation mechanism
for excited activators such as A.

In Ba,MgGe,0, crystal, the energies of the top
level of the *Fy,, manifold and the bottom level of
the *I,;,, manifold with respect to the ‘I, ground
state are 11528 and 5838 cm™, respectively. Thus
E, =5690 cm™ and E; ~ 5840 cm~!. Clearly even
at 300 °K the half-widths of ~ 35 cm™ of the transi-
tions involved would be insufficient to span the
energy mismatch AE =150 cm™! so that J ~O, and
P,53—~0 also. Thus in the crystal we would expect
to find little evidence of quenching unless the acti-
vator concentration were very large, as confirmed
by the experimental data. Inany case, single crystals
cannot be made to incorporate much more than
~ 2% atomic fraction of activator.

However, in Ba,MgGe,0O, glass the energies of
the centers of gravity of the *F,,, and ‘I, levels
are 11500 and 5800 cm™, respectively. Thus E,
=5700 cm™ and E; ~5800 cm™!, giving an energy
mismatch of AE =100 cm™. The half-widths of
these transitions in glass ~150 cm™! are large
enough to span the energy mismatch so that J# O
and hence P,z # O. In this case, as the activator
concentration increases and the mean interactivator
distance decreases, P,z would become large caus-
ing significant concentration quenching effects.

This is shown in the results. It should be noted
that although the inhomogeneously broadened lines
in glass are the envelope of many overlapping in-
dividual ionic lines, there would be a considerable
number of neighboring activator pairs with a signif-
icant overlap integral J, especially at high concen-
trations.

Multiple-lifetime effects are a common feature of
Nd** emission in all glasses®®, Owing to the variety
of different activator sites in Ba,MgGe,0, glass we

would expect to observe many lifetimes in any given
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sample, as in Fig, 4. After the pumping pulse the
decay of fluorescence from the aggregate of activa-
tors would be governed initially by the shortest
lifetimes, while after some time had elapsed the
longer lifetimes would predominate. In Fig. 4 the
initial lifetime measured immediately after the
pumping pulse, and the lifetime measured three
initial lifetimes after the pumping pulse, yield an
estimate of the spread of lifetimes in a given sample.
By contrast, the corresponding decays in the crystal
host were all pure exponentials,

In the following sections of the discussion we will
present some evidence to show that the effects of
activator concentration and temperature on multiple
lifetimes Nd** in Ba,MgGe,0, glass are consistent
with the presence of a resonant cross relaxation?:!6
between neighboring Nd** ion pairs [see Fig. 5()].
The transfer probability for the reversible cross
relaxation P, between activator ions C and D is
governed by an equation similar to the one already
given for the quenching resonant transfer probabil-
ity P45. Since we are dealing with transitions be-
tween identical levels in both ions, the overlap in-
tegral J would in general be nonzero. At low-
activator concentrations (i.e., large interionic dis-
tance R), P.p would be small, the effect of the cross
relaxation would be negligible, and multiple -lifetime
effects could be clearly observed. However, as R
decreased with increasing activator concentration,
P.p would also increase, strongly coupling together
the *Fyj levels of excited Nd** ions. The over-all
decay rate would then tend toward that of the short-
est-lived type of Nd3* site.® Therefore the spread
of lifetime would decrease with increasing activator
concentration,

Furthermore, as the temperature was decreased
the overlap integral J between any given ion pair
would in general decrease as a result of reduction
in linewidth of the transitions. P, would also de-
crease, reducing the effectiveness of the cross re-
laxation, Thus at a given Nd®* concentration the
spread of lifetimes would be greater atlower tem-
peratures. Also, the mean lifetime would be higher
due to the reduced thermal decay rate. These
effects are seen in Fig. 4. It should be noted that
the cross relaxation would enhance quenching effects,
as energy could hop from one activator to another
until it finally reached a quenching site, such as a
killer impurity or a coupled ion pair of the type dis-
cussed earlier,

CONCLUSIONS

This comparative study of Nd** fluorescence in
Ba,MgGe,0, crystal and glass hosts has yielded im-
portant qualitative information on a number of
possible mechanisms involved in the emission. The
general technique of studying crystals and glasses
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of identical chemical composition, doped with rare-
earth activators, may be extended to many other
hosts as well, provided, of course, that the glassy
counterpart of the crystalline material can be suc-
cessfully prepared in homogeneous pieces of suf-
ficient size.

The use of rare-earth fluorescence as a probe
under these circumstances simplifies the analysis
of data considerably, particularly if it is done on
a comparative basis, and offers the following ad-
vantages: First, various processes involved in
luminescence such as energy transfer and quench-
ing, occurring in these materials, can be better
understood. Second, it is possible to investigate
certain fundamental differences between the crystal-
line state characterized by its long-range order and
the amorphous glassy state characterized by short-
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range order only. The annealing of glass samples
while emission is monitored at various stages in
the recrystallization cycle is one possible tech-
nique. Our preliminary results suggest that further
quantitative studies along these general lines
should prove to be fruitful,
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A critical investigation has been made of the room-temperature electron-spin-resonance
(ESR) spectra of *Mn?* present in dilute concentrations in CaF,, and a detailed quantitative ex-
planation of this ESR center was obtained. As a result, several uncertainties associated with
the previous interpretation of this center have been resolved. The theoretical spectra which
fit the experimental data were obtained from a spin Hamiltonian characterized by the cubic
crystal-field parameter a=0x0.1 G, the manganese hyperfine constant A =—100.8 0.1 G, the
fluorine superhyperfine constants T, =+15.3+0.1 G and T,=+6.3+0.1 G, and g=2.0010

+0.0005.

I. INTRODUCTION

The experimental electron-spin-resonance (ESR)
spectra of Mn? substituted for the divalent cation

in fluorite-type crystals exhibit six allowed **Mn (I
=3) hyperfine lines. In crystals containing very
dilute amounts of Mn%'; each of these hyperfine
lines is split further into a complicated superhyper-



