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Optical-absorption and electron paramagnetic resonance (EPR) techniques were used to study
iron impurities in yttrium aluminum garnet (YAG) crystals. Due to its low symmetry, YAG con-
taining Fe'+ exhibited many EPR lines. Fe'+ ions in octahedral and tetrahedral sites were
identified. A correlation study involving both EPR and optical-absorption measurements indicated
that the absorption band at 255 nm, which had been previously attributed to an Fe'+ charge-
transfer band, was a composite charge-transfer band made up of contributions from substitutional
Fe'+ at both symmetry sites. Oxidation and reduction experiments up to 1700 K were performed.
The former increased the Fe'+ concentration, and the latter diminished it. Conversion of Fe'+ to
Fe'+ was governed by a thermal activation energy of 3.0+0.3 eV.

I. INTRODUCTION

Because of its technological importance as a solid-state
laser host, single crystals of yttrium aluminum garnet,
(Y,A150, 2 or YAG), have been investigated for more
than two decades. Improvements in crystal growth tech-
nique developed for Nd: YAG laser rods have resulted in
the production of very pure YAG crystals. Many of the
trace impurities in the crystals cannot be detected in the
absorption spectra of YAG. However, iron impurities do
contribute to the optical absorption near the band edge
and influence the uv optical properties of the material.
The optical transitions which produce a broad absorption
band at 255 nm result from charge transfer transitions
from neighboring oxygen ligands to the empty orbitals of
Fe + impurities. ' Unlike the parity forbidden transitions
between states in the 3d manifold, the charge-transfer
transitions are dipole allowed so the impurities can be
easily detected in absorption spectroscopy. Transitions
on Fe + ions also are the dominant features in room-
temperature electron paramagnetic resonance spectra.
Since iron impurities can be quenching sites for lumines-
cence in laser materials, we have utilized both optical and
magnetic resonance techniques to further characterize
iron impurities in YAG.

In the YAG lattice aluminum ions occupy both octa-
hedrally and tetrahedrally coordinated sites with 40%%uo of
the aluminum at octahedral sites and the remainder at

tetrahedral sites. Iron impurities substitute for aluminum
sites in the YAG lattice. The optical absorption bands of
iron in YAG have been determined by doping iron in
YAG in concentrations of approximately 1 at. %. In
general, substitution of Fe + ions at the two types of
aluminum sites should result in two sets of iron charge
transfer absorption bands. However, only a single ab-
sorption band at 255 nm has been identified as a charge
transfer transition. Meil'man et a/. have suggested that
the 255-nm absorption band is a composite which results
from the overlap of the charge-transfer bands from the
two different sites. Masumoto and Kuwamo have also
suggested that the 255-nm absorption band consists of
more than one absorption center, based on their results of
absorption measurements of crystals annealed under
different partial pressures of oxygen. Arsen'ev and Svir-
dov found no charge-transfer band between 255 and 370
nm. The results of the optical studies can be interpreted
in several ways: The 255-nm absorption band is a com-
posite of charge-transfer transitions of Fe + at octahedral
and tetrahedral sites; the second set of charge-transfer
bands may lie at higher energy than 255 nm; or Fe im-
purities occupy only one type of aluminum site in YAG.
By identifying the Fe + EPR spectra for both octahedral-
ly and tetrahedrally coordinated sites, and correlating
changes in the EPR spectrum to optical absorption, we
have been able to show that the 255-nm absorption band
is due to composite charge-transfer bands from octahe-
dral and tetrahedral sites.
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II. EXPERIMENTAL PROCEDURE l. EPR

The nominally pure YAG crystals used in this work
were obtained from the Allied Corporation. The samples
were 2.7+O. l-mm-thick plates with the [111] direction
perpendicular to the crystal face. Analysis of the samples
performed at the Oak Ridge National Laboratory using
spark Aame spectroscopy indicated the presence of im-
purities of Fe, Si, Mg, and Cr in concentrations of ap-
proximately 10 ppm. In addition, an iron-doped YAG
crystal containing approximately 0.3 at. % Fe was pro-
vided by Union Carbide. The optical absorption mea-
surements were made with a Perkin-Elmer Lambda-9
Spectrophotometer. Excitation and emission spectra
were measured using a Spex Fluorolog 212
spectrofluorimeter. The emission was detected using a
cooled Hamamatsu R928 photomultiplier tube. Excita-
tion spectra were normalized to the incident light intensi-
ty by reference to a Rhodamine B dye solution. Magnetic
resonance spectra at X band were obtained using a Varian
EPR spectrometer with a maximum field of 12 kG.
High-temperature heat treatments were performed using
an Astro-Furnace with a graphite heating element.
When used in conjunction with an alumina tube, heat
treatments up to 1925 K, with an estimated accuracy of
15 K„could be obtained. Oxidation of the samples used
Rowing oxygen with the sample resting in a quartz or
alumina tube. Reduction was accomplished by enclosing
the sample in graphite with Aowing nitrogen gas.

The samples for both EPR and optical spectroscopy
were cut to dimensions of 5 &2)& 1 mm on x-ray oriented
samples. The EPR spectra were taken by aligning the
sample with the microwave field along the [110]axis, and
with the magnetic field parallel to the [111]axis and per-
pendicular to the [110]axis. The EPR spectrum of a 1%
iron-doped YAG sample is shown in Fig. 1, as an aid in
the identification of the Fe + magnetic resonances. Be-
cause of the low site symmetry at the aluminum sites in
YAG, the EPR spectrum of the Fe + ions is exceedingly
rich. The Fe + lines are spread over a range of approxi-
mately 7000 G. Under oxidation and reduction, the
changes in the relative intensities of the EPR lines indi-
cate that two distinct sets of Fe + lines can identified.
The EPR spectra for Fe + in YAG in the as-grown state,
as well as after reduction at 900 and 1500 K, is shown in
Fig. 2. These spectra are highly sensitive to the orienta-
tion of the crystal; the crystal must be aligned to better
than 0.2' along the [110] axis. Under oxidation of the
sample at 900 K, the set of lines designated by the short
marker lines at the bottom of the figure was diminished
while the intensity of the other set (illustrated by the long
marker lines) increased. We identify the magnetic reso-

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Oxidation

Previous investigations have shown that the 255-nm
(4.8 eV) absorption band can be greatly enhanced by oxi-
dation. This indicates that substantial amounts of iron
impurities in YAG are present as Fe + ions in the as-
grown state. Under oxidation, the valence states of the
iron impurities can be switched from divalent to trivalent
with a concomitant increase in the Fe + charge-transfer
bands. The strength of the iron charge-transfer band can
be correlated with the intensities of the paramagnetic
Fe + lines after various annealing treatments.
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FIG. 1. EPR spectrum of an Fe-doped YAG sample at room

temperature.
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FIG. 2. EPR spectra of a YAG crystal aligned along the
[110]axis with H parallel to the [111]axis (a) in the as-grown
state, (b) oxidized at 900 K, and IIc) oxidized at 1500 K for 30
min. The stick diagram at the bottom illustrates the two
diA'erent symmetry sites.
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FIG. 3. Intensities of the Fe" resonances as a function of
the annealing temperature in an oxidizing atmosphere for the
(a) octahedral and (b) tetrahedral sites. Curve (c) represents the
sum of the signals from the two symmetry sites.

nances of the two sets of lines indicated by the long and
short markers as octahedrally and tetrahedrally coordi-
nated Fe + ions, respectively. The assignment is based
on the larger splitting of the magnetic resonances at the
octahedral sites. This is consistent with the stronger
crystal field at octahedral sites as determined by optical
transitions of Fe-doped YAG. '

Figure 3 illustrates the behavior of the intensities of the
Fe + resonances as a function of temperature for the oc-
tahedral and tetrahedral sites, labeled as (a) and (b), re-
spectively. Typical error bars are illustrated in the figure.
Curve (c) represents the summation of the resonance sig-
nals from the two different symmetry sites. The simple
summation procedure can be justified on the basis of the
similarity in the linewidths and relaxation times, as deter-
mined by the temperature dependence of the EPR sig-
nals, for the Fe + ions at the two distinct sites. We can
divide the data into three temperature regions: Region I
covers 300 to 600 K, region II from 600 to 1100 K, and
region III for T& 1100 K. In region I, oxidation for
T & 600 K shows no significant change from the as-grown
crystals. In region II (600 to 1100 K) there is a decrease
in intensity of the tetrahedral Fe + resonances and an in-
crease in that at octahedral sites. In a subsequent section
we will show that this preferential population of octahe-
drally coordinated Fe + occurs in reverse over the same
temperature range under reducing conditions. Therefore
the interchange of intensities between the alternate sites
is a thermally activated process which is independent of
the annealing atmosphere. At temperatures above 1100
K, the intensities of both sets of lines increase.

FIG. 4. The optical absorption spectrum of a YAG crystals
(a) before, and (b) after oxidation at T= 1700 K.

shown in Fig. 4. The Fe'+ charge-transfer band at 255
nm is the only prominent feature near the band edge.
Oxidation above 1100 K results in a monotonic increase
in the intensity of the charge-transfer band as illustrated
in the figure. The growth of the 255-nrn absorption band
after 30 min oxidation is shown as a function of oxidation
temperature in Fig. 5. The absorption coeScient at 255
nm remains essentially unchanged until temperatures
above 1100 K. Above 1100 K there is an increase in the
intensity of the charge-transfer band as the sample is oxi-
dized at successively higher temperatures. The growth is
due to an overall Fe +~Fe + conversion under oxida-
tion. The experiments were performed under somewhat
different conditions. The samples were oxidized in two
different tubes: an alumina tube which contained an
abundance of Fe impurities, and a quartz tube which was
essentially iron-free. The solid line in Fig. 5 corresponds
to the 255-nm absorption for a sample oxidized in an
alumina tube and the dashed line represents oxidation in
a quartz tube. Previously, we have observed the diffusion
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Changes in the optical absorption in the YAG crystals
can be correlated with the observed differences in the
EPR spectra. The optical absorption spectrum of a 2.7-
mm-thick YAG crystal, before and after oxidation, is
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FIG. 5. The growth of the 255-nm absorption band versus
isochronal heat treatment in an oxidizing atmosphere.
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of Fe at T& 1600 K into high-purity MgO samples during
heat treatments in alumina tubes. Therefore, we attri-
buted the difference between the growth curves to
diffusion of iron from the alumina tube into the sample.
The increase in the absorption at 255 nm correlates well
with the summation of the EPR line intensities of Fe'+
ions in the octahedral and tetrahedral sites as shown in
Fig. 3(c). We observed no change in the 255-nm absorp-
tion band which could be attributed to a single type of
Fe'+ site. The data indicates that the Fe + charge
transfer bands at both symmetry sites overlap in the 255-
nm spectral region.

The results shown in regions I and III of Fig. 3 provide
a meaningful interpretation. In region I the temperatures
are too low to cause appreciable ionic migration. In re-
gion III ( T~ 1100 K), thermal agitation of ionic species is
sufficiently large that long-range ionic migration began to
take place. The optical data in Fig. 5 illustrates that the
255-nm band did not increase until 1100 K; above 1400
K the results depend on whether a quartz tube or alumi-
na tube was used. The contrasting results of using an
Fe-free and Fe-laden tube above 1400 K indicates that
the excess Fe was derived from the alumina tube, and
that long-range migration of Fe into the bulk sample was
involved. The increase in absorption at 255-nm between
1100 and 1400 K, regardless of the iron content of the
tube, indicates an overall increase in Fe'+ content at the
expense of Fe + ions present in the crystal. One can
deduce from the quartz tube results that there initially
existed about as much Fe + as Fe +. The results in re-
gion II (600—1100 K), are less obvious. We interpret the
increase of the octahedral Fe + and the decrease of
tetrahedral Fe + as due to the short range thermal hop-
ping of Fe impurities, and/or indigenous ions, indepen-
dent of the ambient atmosphere.

One other observation should be noted. In Fig. 3 the
EPR signals of the octahedral and tetrahedral Fe'+ ions
increased and decreased by a factor of two respectively in
region II, such that the sum of the intensities remained
constant. In Fig. 5, it is noted that the optical absorption
coefficient is also constant in the region. We did not ob-
serve appreciable changes in the half-width or peak wave-
length of the 255-nm charge-transfer band. Therefore,
we conclude that (1) both the tetrahedral and octahedral
Fe + ions give rise to the charge transfer band at 255 nm,
and (2) their oscillator strengths are comparable.
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FIG. 6. The absorbance at 255 nm vs the square root of the
accumulated oxidation time at three different temperatures.

area of the samples was much greater than the sample
thickness. Under these assumptions, the absorption
coefficient as a function of oxidation time and tempera-
ture is related by the expression

te =const,

10

where t is the annealing time, T is the oxidation tempera-
ture, and E is the activation energy for the process. Fig-
ure 7 is a plot of the time versus T ' for a constant ab-
sorption coefficient. The slope of the graph can be used
to determine the activation energy. Over this tempera-
ture range of about 100 K, we obtained an activation en-
ergy of E =3.0+0.3 eV. This activation energy does not
take into account the lower activation energy of the Fe +

conversion between tetrahedral and octahedral sites in
the temperature region from 600 to 1100 K as previously
discussed.

3. Activation energy

C
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E

10
An estimate of the activation energy for the conversion

of Fe + to Fe + under oxidation can be obtained by using
the "cross-cut" method. Samples of YAG were iso-
thermally annealed in oxygen as a function of time at
three different temperatures. Figure 6 is a plot of the ab-
sorbance at 255 nm versus the square root of the accumu-
lated oxidation time at three different temperatures. The
linear dependence versus t' suggests that the rate-
limiting process is one of diffusion. We have made the
approximation of one-dimensional diffusion to simplify
the analysis. The approximation is valid since the surface
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FIG. 7. Time of the oxidation vs T ' for a constant absor-
bance.
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B. Reduction

To complement the oxidation experiments, we also
studied the properties of Fe + in YAG under reducing
conditions. The sample were reduced in graphite with
flowing nitrogen gas for 30 min at each temperature.
Figure 8 shows the behavior of the Fe'+ paramagnetic
resonances at the octahedral and tetrahedral sites as a
function of reduction temperature. As in the oxidation
case, the data can be divided into three temperature
ranges. From room temperature to 600 K there was no
appreciable change in the magnetic resonance spectra.
From 600 to 1100 K, we again observed the conversion of
some Fe + ions between the two symmetry sites. As indi-
cated in the previous section, this behavior was identical
to the results under oxidation. Above 1100 K, the mag-
netic resonance lines from both Fe + sites decrease as the
reduction temperature is increased. The decrease in the
intensity of the Fe + lines is attributed to the
Fe'+ ~Fe + reduction.

Figures 9(a) and (b) show the EPR spectra of an as-
grown YAG sample before and after reduction for 30 min
at 1500 K. After reduction, the magnetic resonance lines
from Fe + and Cr + had decreased in intensity. In addi-
tion, Fig. 9(c) shows a new single line that increased in in-

tensity at higher reduction temperatures. Figure 10
shows an expanded spectrum at room temperature of that
line. The intensity of the line did not vary appreciably
with angle. Measurements of the g values for the line
parallel and perpendicular to the [111]crystal axis were
made and values of g

~~

——1.9941+0.0005 and

g~ = 1.9939+0.0005 were obtained. Although hg
=0.0002 is larger than the quoted uncertainties in the in-
dividual g values, nevertheless, we were able to detect a
relative shift to higher field as the crystal was rotated per-
pendicular to the [111] axis. The room-temperature
linewidth at 9.4 GHz was 22+2 G. A line similar to this
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had previously been reported by Mori and Karaseva
et al. ' and was attributed to an unpaired electron
trapped at an oxygen vacancy (F+ center), albeit the
former author reported a line width of 34 G. The
difference in linewidth may be due to differences in strain
broadening of the EPR lines in the two different crystals.
However, unlike most F+ centers, the signal from this
center is not easily saturated with microwave power. %e
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FIG. 9. EPR spectra of a YAG crystal aligned along the
[110] axis with H parallel to the [111]axis (a) in the as-grown
state, (b) reduced at 1500 K, and (c) reduced at 1650 K for 30
min. Spectrum (c) illustrates a signal which was previously at-
tributed to the F+ center.

40

2Q

CO
Z'.

10
Z'

(c)

600 BOO 1000 1200 1400

TEMPERATURE (K) 3370 3500
FIG. 8. Intensities of the Fe'+ resonances as a function of

the annealing temperature in a reducing atmosphere for the (a)
octahedral and (b) tetrahedral sites. Curve (c) represents the
sum of the signals from the two symmetry sites.
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FIG. 10. An expanded spectrum of the EPR signal attributed
to the F center.
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FIG. 11. The optical absorption spectrum of a YAG crystal
(a) before, and (b) after reduction at T= 1500 K. FIG. 12. The decay of the 255-nm absorption band vs isoch-

ronal heat treatment in a reducing atmosphere.

observed no saturation at room temperature although we
were able to saturate the signal at high microwave
powers at 77 K. Therefore, the spin-lattice relaxation
time for this center in YAG is shorter than one would ex-
pect for the analogous F center in the alkali halides.

The optical absorption spectrum of a YAG crystal, be-
fore and after reduction, is shown in Fig. 11. At high
reduction temperatures, (T p 1100 K), the 255-nm ab-
sorption band decreases. Figure 12 shows the absorption
coeScient at 255 nm as a function of reducing tempera-
ture. A comparison of Figs. 12 and 5 shows that the on-
set of Fe +~~Fe + conversion takes place at 1100 K un-
der oxidation and reduction. Again the absorbance at
255 nm is correlated with the sum of the EPR resonances
from Fe + ions at octahedral and tetrahedral sites. The
results from the reduction of iron in YAG also suggest
that the 255-nm absorption band is a composite from iron
impurities at the two different symmetry sites.

IV. SUMMARY AND CONCLUSIONS

Optical absorption and EPR techniques were used to
study iron impurities in YAG. The room-temperature
EPR spectra exhibited signals from Cr + and Gd +, as
well as two sets of lines from Fe'+ impurities. One set of
Fe + lines originates from Fe + ions substituting for
Al'+ in the distorted octahedral sites, and the other set
with a broader spectrum was from Fe + substituting for
Al'+ ions at the distorted tetrahedral site.

The presence of Fe' in YAG results in a charge-
transfer band which absorbs at 255 nrn. The combination
of paramagnetic and optical spectroscopy have shown
that this absorption band in YAG is a composite charge-

transfer band from Fe + ions at both octahedral and
tetrahedral sites in the lattice. Furthermore, it is de-
duced that their oscillator strengths are comparable.

Studies in oxidation and reduction at elevated tempera-
tures were performed using both EPR and optical absorp-
tion techniques. The Fe + concentration increased with
oxidation and decreased with reduction. Conversion of
Fe + to Fe + was governed by a thermally activated pro-
cess with an energy of 3.0+0.3 eV. In a reducing atmo-
sphere Fe + ions vanished at temperatures above 1400 K.

Results from thermal treatments in oxidizing and re-
ducing atmospheres demonstrate that at T& 600 K there
exists no ionic migration. At temperatures between 600
and 1100 K, short-range migration of Fe impurities
and/or the indigenous ions give rise to an increase of the
octahedral Fe + signals, attended by a decrease of the
tetrahedral Fe + ions, independent of the atmosphere.
At T) 1100 K, oxidation increases the Fe + signals at
the expense of Fe-+ ions in the crystal, and reduction has
the opposite effect.
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