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The diffusion of F~ ions in yttrium iron garnet has been induced for the first time and investigat-
ed by magneto-optical techniques. Crystals of composition Y;_,Ca,FesO,,_,F, (with x ~0.3) were
grown, and diffusion of F~ ions out of the sample was induced by high-temperature annealing in ox-
ygen. The replacement of F~ with O?~ ions induces Fe** ions, whose magnetic circular dichroism
in the near-infrared is used as a sensitive monitor of the diffusion process. This phenomenon can be
well described in terms of the classical diffusion equation, with a diffusion coefficient D uniform and
constant, temperature activated according to the law D =Dgexp(—E /kT), with Dy=6.5+1.0 cm?
s~!and E=3.4210.15 eV. These values might indicate that microscopically the F~, O?~ ion ex-
change occurs with the intervention of an anion vacancy.

INTRODUCTION

The technological relevance of magnetic garnets has
stimulated a number of studies of both ion substitutions’
and ion mobility in the garnet structure. Cation exchange
between tetrahedral and octahedral sites, useful to control
the magnetization of the material, has been reported by
Cohen and Chegwidden,? and exhaustively investigated by
Roschmann in a recent series of papers.’ Cation exchange
within the dodecahedral sublattice has long been assumed*
to cause the decrease of the growth-induced anisotropy
under high-temperature annealings, although no direct
evidence of this kind of ion mobility has ever been given.
Data by several authors are summarized and discussed in

Ref. 3.
]

As far as the anion mobility is concerned, the self-
diffusion of O?~ ions in yttrium iron garnet has been
studied by Paladino et al.,’ using radioactive '*0 as a
tracer. The diffusion of oxygen vacancies has been ob-
served by Gyorgy et al.® and quantitatively studied by
Metselaar and Larsen’ in bulk crystals and by LeCraw
et al.® in epitaxial films.

In this paper we report for the first time the diffusion
of F~ ions in yttrium iron garnet (YIG). The technique
used consists substantially in starting from a fluorine sub-
stituted YIG, of composition Y>*;_ Ca?* Fe’ts
0%~ ,_F 4, and in inducing F~-ion migration out of the
sample by high-temperature annealing in an oxygen atmo-
sphere. The F~ ions are replaced by O~ ions and, to
preserve charge neutrality, part of the Fe’* ions oxidize to
Fe't, according to the reaction

Y’*;_Ca’*, Fe* 0%, F~, +(y/2)0,(gas)>Y>+;_,Ca**, Fe'*s_ Fe*t,0°~ ), , . ,F~,_,+(y/2)F,(gas) .

The Fe** ions exhibit relevant optical and magneto-
optical activity in the near-infrared optical window of
YIG. Therefore, the Fe*t-ion concentration is used as a
convenient and sensitive monitor of the F~-O%~ interdif-
fusion phenomenon.

Fluorine substitutions for oxygen could be useful to ob-
tain garnet compositions with low values of the exchange
constant, which are required to sustain magnetic bubbles
of submicron diameter, as discussed by Ohta et al.’ Also,
in principle, fluorine diffusion from the outside to the in-
side of the material (if technically possible) could be used
to form a low magnetization surface layer in bubble films,
in order to suppress “hard” bubbles, a procedure conceptu-
ally analogous to the gallium diffusion reported by
LeCraw et al.'”

SAMPLES

YIG single crystals were grown by a “flux” technique
similar to the one described by Van Uitert et al.!! Calci-
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(1)

r

um and fluorine doping was accomplished by adding CaF,
to the starting oxides, as done by Ostorero and Makram.!?
The melt composition is shown in Table I. The mixture,
in a 100-cm® platinum crucible, was heated at a rate of
40°Ch~! to 1250°C, soaked for 10 h, cooled at 2°Ch~! to
950°C, and then quenched in air. A few crystals of linear
size larger than 1 cm were obtained. The CaF,-Y,0; mo-

TABLE 1. Composition of the flux used to grow the single-
crystal samples.

moles mol % grams
PbO 0.250 324 55.80
PbF, 0.250 324 61.3
B,0; 0.050 6.5 3.48
Fe,0; 0.154 20.0 24.59
Y,0; 0.048 6.2 10.84
CaF, 0.019 2.5 1.48
3422 ©1983 The American Physical Society
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FIG. 1. Optical absorption a, 4 at A=2.4 um as a function of
the distance d from the growth face of the crystal. The crystal
slices successively removed to take the data (see text) are indicat-
ed in the bottom of the figure with dashed lines.

lar ratio in the starting oxides is such to yield'? a fluorine
content of about 0.2 atom per formula unit in the crystals.
This is in reasonable agreement with the Fe**-ion concen-
tration of about 0.3 atom per formula unit (estimated
from magnetic circular dichroism and absorption mea-
surements'®) present in the sample after complete expul-
sion of fluorine has been obtained, namely when y =x in
Eq. (1).

Several slices were cut parallel to the (110) faces of the
largest crystals, mechanically polished with 0.3-um alumi-
na powder, and microscopically examined in visible and
infrared light. The slices cut closer to the growth faces
turned out to be much more absorbent than the ones cut
from the inner part of the crystals. To measure this ef-
fect, a platelet 1.1 mm thick was cut, one of its faces being
a (110) growth face. This platelet was thinned by succes-
sively removing layers about 0.15 mm thick on the side of
the growth face, the optical transmission at wavelength
A=2.4 um being measured at each step. The average op-
tical absorption a, 4 of each removed layer was obtained
by the formula

ay4=—L " Un(IIy/I'Dy),

where L is the layer thickness, and I,,I and I,I' are,
respectively, the light intensities incident and transmitted
by the slice before and after removing the layer. In Fig. 1
a, 4 is plotted versus d, the distance of the center of the re-
moved layer from the growth surface: a, 4 is seen to ap-
proach zero (the expected value'* for a sample containing
only Fe’* ions) about 1 mm below the growth face.

From the spectral shapes'® of both optical-absorption
and magnetic circular dichroism, the centers optically ac-
tive in these outer layers of as-grown crystals were unam-
biguously identified as Fe** ions. It is highly probable
that Fe** ions were also responsible for the magnetic an-
isotropy variation reported in Ref. 12, and ascribed by the
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authors to Fe?* ions: It is indeed unreasonable to expect
the latter to be generated in YIG by doping with a divalent
element such as Ca.

In any case, for all measurements reported in the fol-
lowing, platelets of size about 5X5X0.1 mm?® were used,
cut deeper than 1 mm in the crystal, and having a; 4 <5
cm ™! in the as-grown state.

MEASUREMENTS AND DISCUSSION

Each platelet was annealed in 99.95% pure oxygen, at a
fixed temperature T, (1100 < T, <1400°C for different
samples), for periods of time ranging from 30 min to
several days.

After each annealing step, the total Fe**-ion population
was optically measured. Of the two possible optical
probes,'*!* namely absorption and magnetic circular di-
chroism A, the latter was chosen, since it provides a more
characteristic spectrum and is much less sensitive to small
surface defects likely to be produced by high-temperature
annealings. A is defined as

A=a, —a_,

where a, and a_ are the absorption coefficients for circu-
larly polarized light when the magnetization of the sample
is, respectively, parallel and antiparallel to the spin of the
photons. Details on the measuring procedure and ap-
paratus are given in Ref. 15. The spectral range investi-
gated was 1.2 <A <2.4 um, and was reduced on the side
of the shorter wavelengths when the samples became too
absorbent.

The amplitude G(¢) of the A spectrum monitors the
average concentration of the Fe** centers present in the
measured region after an annealing time t. The correla-
tion of G (¢) with the diffusion phenomenon is as follows.
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FIG. 2. Magnetic circular dichroism spectra of a sample 160
um thick, annealed in oxygen at 7,=1400°C. Curves are la-
beled with the cumulative annealing time expressed in hours.
Curve 0 represents the as-grown state.
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Consider our sample geometry, namely a platelet normal
to the z axis and of thickness L. The diffusion of the F~
ions out of the sample and of the O~ ions (each with an
associated Fe** ion) into the sample will take place essen-
tially in the z direction. Let C(¢,z) be the concentration of
the Fe** ions present at time ¢ and height z, then we have
1 pL22

G, [ Clzdz, )
where C(1,z) is the solution of the diffusion equation in
the z direction

aC(1,z) 3*C(t,z)
=D
ot dz?

’

00

G(t)—G(0)=[G(x)—G(0)] {1- 3
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with the obvious meaning of G(0) and G(). It is im-
portant to note that for Dt /L?<0.08, Eq. (4) can be ap-
proximated’ within 1% by the expression

G(1)—G(0)=[G()—G(0)]4(Dt /mL*)'* . (5)

An example of dichroism measurements is shown in
Fig. 2, where the A spectra taken after different annealing
times at T, =1400°C are reported. The spectrum labeled
8 (total annealing time 8 h) was arbitrarily chosen as the
unit spectrum, in order to measure the relative amplitudes
of all the others.

In Fig. 3 the A spectra of Fig. 2 are plotted versus this
unit spectrum. A remarkable linear behavior is found,
and the slope of the best fit straight lines are taken as
values of G (¢) at T,=1400°C. This procedure is repeated
for all vaues of T,.

Figure 4 shows the time evolution of G (¢)—G(0) at all
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FIG. 3. Magnetic circular dichroism A, of the sample of Fig.
2, in the annealing states ¢t =0, 0.5, 2, 22, 46, 86, vs A; (the di-
chroism in the state z =8). Continuous straight lines were ob-
tained by least-squares fit.
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and D is the diffusion coefficient. For our geometry, as-
suming D uniform and constant, it is'®

C(t,Z)-—C(O,z) 0 (*l)k z
DT T z
C(w,2)—C(0,2) 7"k§02k+lcos (2k+1),n.L

X exp —<2k+1)21r2—f§ }

(3)
where C(0,z) is the concentration (small, and assumed to

be uniform) of Fe** ions present at t <0, and C(w,z2) is
the limiting concentration at t— .
Equations (2) and (3) yield

—(2k+1)7r‘i—2 R (4)

[

the investigated temperatures. t!/2 rather than ¢ is used as
the abscissa, to evidence the linear behavior that, accord-
ing to Egs. (4) and (5), is expected to hold for
0< Dt /L?<0.08; that is, for
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FIG. 4. G(1)—G(0) (see text) vs the square root of annealing
time for various temperatures. Time in hours is reported in the
upper scale. The solid line for T,=1400°C is the least-squares
fit with Eq. (4); other solid lines are least-squares fits with Eq.
(5). The two equations coincide within 1% for
G (1)—G(0) < 1.35, value indicated in the figure by a horizontal
dashed line.
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FIG. 5. Fluorine-ion diffusion coefficient D vs the reciprocal

of annealing temperature T,. The solid straight line is the least-
squares fit with Eq. (6).

Comparison with Fig. 3 of Ref. 7 shows that, at compar-
able temperature, the F~-ion diffusion is much slower
than that of oxygen vacancies, as it could be expected.

The diffusion coefficients D were obtained by fitting the
data at T,=1400°C with Eq. (4), and the data at other
temperatures with Eq. (5). In Fig. 5 the logarithm of the
D values thus obtained is plotted versus T, '. A linear
behavior is found, so that the temperature dependence of
D can be represented by the equation

D =Dyexp( —E /kT) 6)

with Dy=6.5+1.0 cm?®s™!, and E=3.4+0.15 eV. The
latter value can be interpreted as the height of the poten-
tial barrier to be overcome by F~ and O’ ions inter-
diffusing in the garnet structure.

In principle F~- and O%~-ion exchange can occur either
directly (a) or by intervention of an anion vacancy (b).
The two cases are schematically shown in Fig. 6, for an
idealized two-dimensional triangular lattice. Things are
expected to be more complex in the actual garnet structure
where six different distances exist between anion sites.!’
Mechanism (a) is expected to involve an activation energy
substantially larger than (b), but the probability of the
latter should be smaller, being proportional to the product
of the relative concentrations of F~ and anion vacancies.
According to Ref. 7, the parameters for the diffusion of
oxygen vacancies in YIG are Dj=8400 cm?s™!, and
E'=2.940.1 eV. The fact that E differs from E’ by only
20%, while Dy~ 107D, might indicate that indeed the
F~-O%" interdiffusion process has a characteristic energy
rather similar to the (anion vacancy)-O?~ interdiffusion,
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FIG. 6. Schematic mechanism for position exchange between
fluorine (@) and oxygen (O) ions: (a) directly, (b) with the inter-
vention of an anion vacancy ().

but occurs with a much smaller probability. Thus mecha-
nism (b) appears to be dominant over mechanism (a). To
further elucidate this point, it would be of interest to study
F~-ion diffusion in YIG under annealing in partly reduc-
ing atmospheres, like mixtures of O, and N, as a function
of the O, partial pressure.

CONCLUSIONS

The diffusion of F~ ions in YIG has been induced and
studied for the first time. A new measurement technique
has been used, consisting in monitoring the magnetic cir-
cular dichroism of the Fe** centers generated in the gar-
net by the substitution of F~ with O?>~ ions. This
phenomenon can be well described as a classical diffusion
process, with a diffusion coefficient D uniform and con-
stant, independent on diffusing-species concentration.

For 1100C< T <1400°C, D has a temperature depen-
dence of the form D=Dgyexp(—E/kT), with
Dy=6.5+1.0 cm?s~!, and E=3.42+0.15 eV. These
values might indicate that the dominant elementary mi-
croscopic process involved is a site exchange between F~
and O%~ ions with the intervention of an anion vacancy.
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