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Optical absorption, derivative absorption, reflectivity, and derivative reflectivity data are presented for
several iron garnet thin-film compositions grown by liquid-phase epitaxy. In the case of yttrium iron
garnet (YIG), the real and imaginary parts of the dielectric response function c = c, + ic, are
compared with previously published results for bulk crystals and shown to be substantially larger. Based
on absorption and reflectivity data for iron garnet films in which the tetrahedral and octahedral iron
sublattices have been selectively diluted with gallium or scandium as well as measured absorption data
for bulk crystals of yttrium gallium garnet dilutely doped with Fe'+, we propose an Adler-Feinleib
splitdensity-of-states diagram for YIG. The main results include a series of weak crystal-field transitions
between 1.4 and 3.4 eV, a pair of much stronger transitions at 2.9 and 3.2 eV which we tentatively
associate with excitons of the configuration 2p'3d', strong 2p -3d charge transfer bands above 3.4
eV where the final states are probably itinerant-one-electron band states, and very strong semiconductor
like 2p -4s optical transitions above about 8 eV which make the major contributions to the
low-frequency refractive index. Some of the above assignments are defended by comparing optical
properties of YIG, NiO, and SrTiO, .

I. INTRODUCTION

Recent advances' in the growth of high-quality
single-crystal iron garnet films by liquid-phase
epitaxy (LPE) allow a reexamination '~ of the optical
properties of these materials, since very thin sam-
ples ( 1-20 p, m) having large ( 1 cm') as-grown
flat surfaces are now available for transmission
and reflectance measurements. The iron garnets
that concern us in the present study have the gen-
eral formula R,Fe5 „C Og2 with 8 formula units per
cubic cell. Here R denotes yttrium, a trivalent
rare-earth ion, or in some cases a combination of
rare-earth ions adding up to 3; while C denotes,
for our purposes, either gallium or scandium.
These latter substitutions were made in order to
selectively alter the fractional site occupancy of
the Fe ' ions located in the three distorted tetrahe-
dral sites (4 local symmetry) per formula unit
relative to the two distorted octahedral sites (3
local symmetry); that is, Ga substitutes preferen-
tially (&90%) for tetrahedral Fe while Sc substitutes
preferentially (=100%) for octahedral Fe. As our
prototype iron garnet (x = 0) we use Y,Fe,Oii (YIG),
since this material has been studied extensively in
the past.

Earlier single-crystal optical-absorption re-
sults' have been largely limited to absorption
coefficients below about 2000 cm ' because of sam-
ple-thickness limitations inherent in the use of bulk
crystals. Wood and Remeika' have examined the
region of the absorption edge between about l. 0
and 2. 4 eV and have related their results to a super-
position of crystal field (3d-3d within Fe") and
charge transfer [oxygen(2P) - iron(3d)] transitions,
as discussed earlier by Clogston~' and by Wicker-

sheim and Lefever. They also found'" that optical
transmission for photon energies below the "ab-
sorption edge" near l. 2 eV could be improved sub-
stantially over results of previous studiese' by
suitably doping with such tetravalent ions as Si
Ge ', or Sn". A series of doping experiments in-
volving both Si4+ and Ca~' strongly suggested that
the extra absorption tail in the infrared, observed
in undoped crystals grown from a PbO-B~O, flux,
was related to the presence of Fe ' ions. An exam-
ination of Fe '-Fe" equilibrium in this system has
been given by Nassau. '2

One of the most interesting observations of Wood
and Remeika' was the nearly quadratic dependence
of the iron-related absorptions in YIG on the total
iron content for concentrations above a few atomic
percent. This result, as noted by these authors,
implies that a simple view of optical transitions in-
volving isolated and atomiclike Fe3' ions cannot be
entirely valid. Difficulties associated with inter-
pretation of optical spectra in transition-metal
oxides (e.g. , ¹0)have been noted by many au-
thors. ' It is clear from the energy-band calcu-
lations of Mattheiss"'6 and others that one-electron
3d-states overlap sufficiently with the relatively
broad ( 4 eV) oxygen-2P band to form broad Bloch-
like 3d bands in the usual semiconductor sense.
This one-electron picture, while valid for the
empty conduction band in, for example, SrTiO, is
no longer valid when the d states become partially
filled as in NiO and the iron garnets. In these
cases electronic correlations, which are ignored
in the one-electron band calculations, become suf-
ficiently important to condense" the itinerant d
electrons into highly correlated localized d states
which resemble those of the free ion. ' This
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localized d-electron model is supported not only
by the high resistivity of many transition metal
oxides but also by the observation ' that the many-
electron 3d —3d crystal-field transitions associated
with Ni 'in Ni„Mgg 0 occur at almost precisely
the same energies for all values of x. Similarly,
many of the Fe ' crystal-field transitions observed
in YIG are also observed' in yttrium gallium garnet
(YGG) dilutely doped with Fe '.

We may ask how this localized point of view can
be made compatible with the observation cited
earlier that the strengths of iron-related optical
absorptions in YGG: Fe" increase almost quadrati-
cally with iron content. Clearly there are non-
localized aspects to the iron 3d electrons, but we
could have anticipated this result by noting the very
large antiferromagnetic Fe(tetrahedral)-O-Fe(octa. —

hedral) exchange interaction in YIG. It is also
important to recognize that the spin-forbidden (and
also parity forbidden in the case of octahedrally lo-
cated Fe3') crystal-field transitions are provided
with oscillator strength by admixture of nearby,
and in some cases overlapping, charge transfer
transition of the type oxygen(2P)- iron(3d). Kahn
wt-al. ' have discussed these transitions in some
detail in connection with their polar Kerr effect
measurements, using a standard molecular orbital
framework based on the earlier work of Clogston.
More recently, Wittekoek and Lacklison used this
same approach to analyze Faraday rotation spectra
in some bismuth iron garnets.

While it is useful in some cases, this molecular-
orbital approach fails to draw a clear distinction
between band and localized states. To help clarify
this important point we make use of the split-den-
sity-of-states plot introduced by Adler and Fein-
leib~3 in their discussion of NiO. One-electron
band states are drawn to the left of a vertical line,
while many-electron d states, localized by elec-
tronic correlation, are drawn to the right. Figure
1 shows a sketch of a possible energy-level scheme
for YIG. Superscripts labeling each of the one-
electron bands to the left refer to the total available
number of electronic states per formula unit. The
energy scale is relative, although we expect that
the oxygen-2P band is about 4-eV wide, "'"that the
minimum 2P 4s separation is about 6-8 eV, and

that the width of the d band is about 3-4 eV. ' '6
We have indicated schematically that four main
peaks in the density of states curve can be identified
qualitatively with the molecular-orbital states that
are important components of the bands in these re-
gions. The e and t2 states are associated with
tetrahedral Fe", while the e~ and t~~ states refer
to octahedral Fe". Also, we have taken the usual
ordering (e & tz) and (f2~& e~), but the relative energy
positions shown are only illustrative at this point.
Furthermore, it should be emphasized that these
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itinerant band states are delocalized and cannot
therefore be viewed as quantitatively identifiable
with a particular iron sublattice.

As pointed out above, this one-electron-band
picture fails to include electron-electron interac-
tions (electronic correlations) which are expected
to localize the 25 occupied d states per formula
unit. The many-electron ground state of this lo-
calized 3d' manifold is shown to the right in Fig. 1.
Because these electrons are highly localized, they
can be identified separately with either tetrahedral
or octahedral sites as indicated in the figure, i.e. ,
of the 25 localized d electrons, 15 are in tetrahe-
dral sites, and 1Q are in octahedral sites. Both
ground states belong to the configuration A, Their
energy positions relative to the band states or to
each other cannot be fixed, however, unless optical
transitions across the center line can be identi-
fied. " For this reason no significance should be
attached to the relative energies between the two
halves of Fig. 1. The excited-state multiplet levels
(3d'*) shown by the dashed arrows indicate the usual
3d' crystal-field levels. These levels are shown
in more detail in Fig. 2, which reproduces the
Tanabe and Sugano diagrams ' for tetrahedral and
octahedral Fe ' as given for YIG by Wood and
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Remeika. ' The vertical dashed lines are reported
by these authors as providing the best fit to their
spectroscopic data. In Fig. 1 transition A ( A«
-'T, ) corresponds to the lowest "band gap" nea.r
1.1 eV (peak near 1.4 eV) in the iron garnets, while
transition 8 ( A&- T,}produces an absorption peak
at 2. 0 eV. These are weak transitions, " ' since
they are spin forbidden and, in the case of octahe-
dral Fe", they are also parity forbidden. As dis-
cussed by Kahn et al. these forbidden transitions
are provided with oscillator strength by spin-orbit
interaction and lattice distortions which combine to
admix the nearby electric-dipole-allowed 2P —Sd
charge transfer bands.

Electric-dipole-allowed transitions can occur
from the filled oxygen-2P band to either the iron-@-
electron system or to the broad iron-4s band. In
the former case we have indicated a series of lo-
calized excitonic levels having the configuration
2P'3d lying just below a continuum of bandlike d
states labeled Sd '. The excitonic states could in-
volve nearest-neighbor or possibly next-nearest-
neighbor electron-hole interactions and might even
be unresolvable due to electron-phonon broadening.
The continuum d band contains half the density of
states (Sd 5) when compared with the empty one-
electron band discussed earlier (3d'0), and elec-
tronic correlations are assumed to be of minor
importance. Optical transitions of the type 2P - 3d
are shown by arrows C and D in Fig. 1. Transi-
tions to localized excitonic d levels were considered
by Adler and Feirileib" for NiO, but these authors
did not include the continuum of bandlike d states
in their discussion, and they also placed the Sd
levels at very high energies (&12 eV). The impor-
tance of both localized and Bloch d states in transi-

tion-metal oxides has been stressed by Ramirez
et a/. in their discussion of metal-insulator tran-
sitions. They also suggest that interactions be-
tween localized and extended states would make
relative energy positions dependent on their re-
spective occupations.

In addition to the P -d charge transfer optical
transitions noted above, there are electric-dipole-
allowed 2p 4s transitions indicated by arrow E in
Fig. 1 at higher energies. The threshold for
such transitions, neglecting exciton formation,
would correspond to the band gap in materials with-
out d electrons, such as MgO. Finally, we must
consider the possibility of optical transitions from
localized 3d' states on the right to bandlike s states
on the left (3d'- Sd 4s). The analogous transition
in N10 (3d'- 3d'4s) has been proposed" as the
source of the relatively strong absorption edge ob-
served near 3. 5 eV by Powell and Spicer, ~4 but the
latter authors express considerable uncertainty as
to the validity of this interpretation. Such transi-
tions are expected to be rather weak in view of their
basically d- s character even though an expected"
admixture of P-like states would remove this limita-
tion to some unknown degree. In any case, the
importance of d(localized)- s(band) optical transi-
tions in transition-metal oxides has not yet been
established. It is possible that they are often
masked by the much stronger dipole-allowed 2P-3d
charge transfer bands discussed above. Experi-
mental evidence supporting this viewpoint is pre-
sented in Sec. IV.

To summarize, the main features of our optical
model for YIG include sets of weak crystal-field
transitions commencing near 1.4 eV, strong charge
transfer (p -d ) optical transitions to bandlike d
states (including a possible localized excitonic tail)
at higher energies, and strong semiconductorlike
P- s optical transitions at still-higher energies
(=6-10 eV}. Complications associated with this
multiplicity of optical transitions are revealed by
the polar Kerr effect measurements of Kahn ef, al."
as well as by the ref lectivity results reported by
these authors and also by Grant. Many overlap-
ping optical transitions are observed, ' ' but ex-
cept for a few of the lower-lying crystal-field tran-
sitions, detailed interpretation is largely incom-
plete. Our purpose in the present paper is to re-
examine the optical properties (transmission and
reflectance} of the iron garnets by taking advantage
of the high-quality 7 LPE films that are now avail-
able. Because ma, ny closely spaced (and weak)
crystal-field absorption lines are observed on a
broad (and strong) charge transfer background, we
have used the technique of wavelength-derivative
spectroscopy to greatly improve resolution of the
various absorption and reflectance features. Final-
ly, these results are compared with data for yttri-
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um gallium garnet (YGG), dilutely doped with Fe',
in order to help clarify the identification of band
and localized states.

II. EXPERIMENTAL PROCEDURES

Absorption and reflectance results were obtained
at room temperature using a double-beam spectro-
photometer having a mirrored chopper arrangement
combined with electronic multiplexing of sample
and reference signals. An electronic servo main-
tains the reference signal at a near constant level.
The electronics is similar to that described by
Sell. ' System noise is limited by photomultiplier
shot noise. The signal output is first recorded on
a multichannel (256 data point) signal averager and
then stored on paper tape. These data are then
converted to absorption coefficient using multiple-
internal-reflection formulas appropriate to the
exact film geometry used, i.e. , single-sided or
double-sided absorbing films on nonabsorbing
gadolinium gallium garnet (GGG) substrates. Small
interference effects have been averaged out during
data reduction. The required refractive indices
were taken from the data of Wemple and Tabor. '
Reflectance measurements were obtained with an
angle of incidence near 10' and a front-surface
aluminum reference mirror. All films used for
reflectance measurements were sufficiently thick
that interference effects due to reflections from the
back surface were absent.

We have computed the derivatives dn/dE and
dlnR/dE (where o is the absorption coefficient, R
is the ref lectivity, and E is the photon energy) on a
digital computer using a straightforward five-point
differentiating and smoothing program. In agree-
ment with Sell we find that digital differentiation
has advantages over wavelength-modulation
schemes" involving, for example, an oscillating
fused-silica refractor plate located just prior to the
exit slit. In the context of the present paper, the
term "wavelength modulation" refers to digital dif-
ferentiation of the absolute transmission and reflec-
tance data, which, in every case, have been nor-
malized by a "sample out" baseline. The reflec-
tance data have been adjusted slightly to match the
ref lectivity in the infrared computed from refrac-
tive index data. In the case of YIG the infrared
refractive index (2. 223} has been obtained by sub-
tracting 0. 030 from published data' for
Gdz. ,Tbo,Fe,O» (2. 253). This small difference be-
tween yttrium garnets and rare-earth garnets has
been found to apply to a variety of compositions.
Refractive indices for other compositions used in
the present study were estimated from data given
in Ref. 30. It should be borne in mind that small
ref ractive-index uncertainties introduce negligible
errors in absorption, provided data above approxi-
mitity 50Vo transmission are discarded.

III. EXPERIMENTAL RESULTS

Figure 3 shows the absorption edge of YIG as ob-
tained from direct absorption measurments on
films of various thicknesses between 1 and 16 p, m
and from a KK analysis of reflectance data above
3 eV. The onset of the first octahedral Fe" crys-
tal-field transition ( A~~- T~) near l. l eV (peak
at l. 3V eV) forms the absorption threshold for this
material. Other structure is clearly evident at
higher energies with the absorption saturating near
n = 5 &10' cm ' above 5 eV. As discussed by Wood
and Remeika' the shoulder at 1.8 eV is the A,~
»4T2 octahedral Fe3' crystal-field transition (see
Fig. 2), and the peak at 2. 0 eV is the lowest energy
A, - T, tetrahedral Fe ' crystal-field transition.
The higher strength of this transition is presumably
due to removal of the parity constraint. ' '

In Fig. 4 we show the ref lectivity results for
YIG. Absolute ref lectivities are several percent
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FIG. 3. Absorption edge of YIG obtained from trans-
mission data below 3. 1 eV using both LPE films on GGG
and bulk crystals and from Kramers-Kronig analysis of
reflectance data on thick LPE films above 3 eV.

A Kramers-Kronig (KK) analysis" of the YIG re-
flectivity results was performed in order to obtain
the real and imaginary parts of the dielectric re-
sponse function e = E~+ i&2. Data above kv = 5 eV
were taken from Grant's results, but scaled so as
to match exactly our considerably higher reflectance
values below 5 eV. A reflectance value at hv =10
eV was adjusted to preclude unphysical negative
values of E, below hv = 2. 5 eV. As a check on the
above procedure we found a close match between
the E& curves obtained at lower energies from the
KK analysis and those determined directly from
optical-absorption measurements using very thin
films (- 1 pm thick}.
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FIG. 4. Reflectivity of YIG.

higher than reported by Grant~' for bulk material,
although the observed structural features are es-
sentially the same. Results of a KK analysis com-
bined with direct absorption measurements below
3. 1 eV are presented in Fig. 5. As noted earlier

Fe~O

we have forced a, to fit the known refractive index
at low energies and have scaled the ref lectivity data
of Grant' to fit our results above 5 eV. A more
detailed discussion is deferred to Sec. IV; how-
ever, it should be noted that the magnitudes of both

and E, are everywhere considerably higher than
reported by Grant. In order to accentuate the weak
structure apparent between 2. 4 and 3. 0 eV in the
absorption curve of Fig. 3, we have calculated the
absorption derivative shown in Fig. 6. At least
six spectral features are clearly evident with a
particularly strong one occuring near 2. 75 eV.
The logarithmic derivative of the YIG ref lectivity
is given in Fig. 7. Here again considerable struc-
ture is revealed by the derivative plot that is not
readily apparent in the straight ref lectivity data.

In addition to examining the optical properties of
YIG, we have studied iron garnet compositions in
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FIG. 7. Logarithmic derivative of the ref lectivity for
YIG.
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which the iron sublattice has been diluted with

either Ga ' or Sc '. In the former case tetrahedral
iron is removed, while in the latter case octahedral
iron is removed. Absorption results for two such
diluted systems are shown in Fig. 8. The weak

structure at 1.8 eV in YGdTmGaQ 7Fe4 30/3 is due

to Tm', and the structure near 1.3 eV in
Yb3Scs a Fe3.80&& is due to Yb '. According to Fig.
8 there is, at all energies, a general trend of re-
duced absorption with iron dilution in either the
tetrahedral or octahedral sublattices. The deriva-
tive absorption result for YGdTmGaQ 7Fe4 30» is
shown by the dashed curve in Fig. 6. The main
structural features are the same as in YIG but with
intensity reduced by a factor of 2 to 3. Structure
in the derivative ref lectivity curve for the gallium-
substituted garnet is shown by the dashed line in
Fig. 9. A pronounced change in the derivative ab-
sorption spectrum is produced by large scandium
substitutions, as revealed by the derivative plot of
Fig. 10. No ref lectivity data were obtained for
this material.

In order to aid in the interpretation of the fore-
going experimental results, we have also measured
the absorption spectrum of bulk yttrium gallium
garnet (YGG} doped with about 6. 2-at. % Fe". The
experimental results are shown in Fig. 11. Al-
though not shown, there is an additional weak peak
near l. 3 eV (6A&~- Tz~) having a maximum absorp-
tion coefficient of about 0.5 cm '. Arrows on the
figure point to structural features extracted from a
computer fit to the absorption derivative results
shown in Fig. 12. In both Figs. 11 and 12 the
lengths of each arrow correspond to the integrated
oscillator strengths of the various spectral lines.
The calculated derivative curve in Fig. 12 was de-
termined by a computer fit to a series of overlap-
ping damped Lorentzian absorption lines, using a
combined steepest-decent nonlinear least-squares-
fitting program. Line positions, strengths, and
widths were all adjustable parameters for each
resonance. Note that 17 lines can be resolved.
Earlier absorption results of Wood and Remieka~ on
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FIG. 12. Derivative absorption results for yttrium
gallium garnet doped with 6.2-at. % Fe3'. The calculated
curve corresponds to the multiple-damped oscillator fit
described in the text and presented at the bottom of the
figure.

YGG: Fe' showed only five spectral lines so that
the experimental advantages of derivative spec-
troscopy are clearly evident. Table I shows the
linewidths and integrated strengths for each of the
17 observed lines. The proposed identification is
discussed in the following section.

IV. DISCUSSION

In this section we relate the experimental results
just presented to the proposed energy-level scheme
of Fig. 1. As noted earlier, the presence of both
octahedral and tetrahedral Fe" sites enormously
complicates structure assignments, so that some
of our conclusions will, naturally, be tentative.
As discussed in some detail by Wood and Remeika, '
the first three absorption peaks in Fig. 3 at 1.37,
1.8, and 2. 0 eV are crystal-field transitions within
the Fe3' 3d manifold. According to Fig. 2 the first
two transitions (9A, -LTJ and A&- Tz~) are as-
sociated with octahedral iron while the stronger
one (9AJ -LT&) is associated with tetrahedral iron.
The larger strength of the 2. 0-eV transition is pre-
sumably due to removal of the parity constraint for
tetrahedral iron. ' ~ As expected, all three of
these transitions also occur in YGG: Fe". Note,
for example, the 2-eV absorption in Fig. 11.
Figure 3 shows that there is a rapid increase in
absorption above 2. 2 eV on which some weak struc-
ture is evident. This structure is more clearly
revealed by the derivative spectrum of Fig. 6.

TABLE I. Observed low-energy optical transitions in
YGG: Fe~'. Identification refers to crystal-field octahe-
dral (CFO), crystal-field tetrahedral (CFT), and charge
transfer (CT). FWHM denotes full width at half-maxi-
mum.

Position
(eV)

1.3
1.77
1.98
2. 39
2. 46
2. 51
2. 55
2. 61
2. 68
2. 75
2. 79
2. 88
2. 96
3.00
3.16
3.20
3.24
3.31

FWHM

(ev)

0. 13

0. 34
0. 23
0. 036
0. 074
0. 080
0. 092
0. 15
0. 097
0. 087
0. 31
0. 044
0. 072
0. 42
0. 081
0. 14
0. 11

Strength
(eVcm ')

0. 061

0. 41
0. 68
0. 01
0.28
0. 26
0. 49
0. 65
0.62
0.47
9.94
0. 24
0. 84

13.4
0. 07
1, 58
1.58

Identification

CFO
CFO
CFT
CFT
CFO
CFT
CFT
CFT
CFT
CFT
CFT
CT
CFT
CFT
CT
CFO
CFT
CFT

Comparison with the YGG: Fe" derivative spec-
trum of Fig. 12 reveals an almost one-to-one cor-
respondence up to 2. 9 eV, although the dilute sys-
tem exhibits some fine structure that is not resolv-
able in YIG, and there appear to be some relatively
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minor shifts in energy (transitions occur about 80
meV higher in YIG). Thus we can conclude that all
of these transitions involve localized rather than
bandlike states. Furthermore, we note from Table
I and Fig. 12 that the integrated oscillator strengths
of all but one of the transitions between 2. 39 and
2. 97 eV are within a factor of 2 of the 2-eV crys-
tal-field transition known to be associated with
tetrahedral iron. ' We consequently assign these
seven transitions to the tetrahedral Fe ' system.
The much weaker transition at 2. 46 eV is assigned
to the octahedral iron-3d' multiplet. It is possible,
of course, that other octahedral Fe" crystal-field
transitions are present over this spectral region,
but they could easily be masked by much stronger
tetrahedral iron absorptions.

Returning to the energy-level diagram of Fig. 2
we would suggest that the eleven tetrahedral iron
crystal-field transitions observed in YGG: Fe' be-
tween 2. 3 and 3.4 eV are associated with transitions
A) T2, Aq, E, Tq, T(, E. These transitions

would be split into at least eleven lines in 4 symme-
try. The single octahedral iron transition at 2. 46
eV is probably one component of the A~ - E, A~
doublet. The other component may be masked by
stronger overlapping tetrahedral iron transitions.
A weak, and presumably octahedral, iron line is
also observed at 3.20 eV. This may be a compo-
nent of the A~- T~~ doublet. Two transitions ob-
served in YGG: Fe" at 2. 88 and 3. 16 eV are an
order of magnitude stronger and much broader than
all the tetrahedral iron crystal-field transitions
just discussed. Note that the strong 2. 88-eV line
(shifted slightly upward) is also present in the YIG
data of Fig. 6, while the 3.16-eV line is clearly
present in the Ga'-substituted composition. Both
the 2. 88- and 3. 16-eV absorptions are evident also
in the YIG E, data of Fig. 5 and in the YIG reflec-
tivity data of Fig. 4. Because these relatively
strong transitions occur in the dilute system and

are much stronger than the crystal-field transi-
tions, we tentatively assign them to localized 2p
—3d charge transfer excitons.

Further evidence for this charge transfer assign-
ment is provided by the YIG photoconductivity re-
sults of Grant and Ruppel, ' which show a "thresh-
old" near 2. 2 eV followed by rapidly increasing
photoconductivity. Unequivocal assignment of these
charge transfer excitons to a specific iron sublat-
tice does not appear possible, however, as revealed
by the Ga"- and Sc '-substituted garnet data of
Figs. 6 and 8. Note that all transitions are reduced
substantially in intensity including the tetrahedral
iron crystal-field absorptions. As suggested by
Wood and Remeika, this result implies that the
charge transfer bands contributing to the oscillator
strength of "forbidden" crystal-field transitions in-
volve both the octahedral iron and tetrahedral iron

sublattices, e. g. , Fe(octahedral)-0-Fe(tetrahedral)
molecular complexes or even one-electron charge
transfer bands. Similarly, the strong 2. 88- and

3.16-eV transitions are both reduced in intensity
independent of which iron sublattice is diluted. This
is a somewhat puzzling result in view of their
presence in the YGG: Fe" crystal. It should be
noted also that the probability is exceedingly small
that a given oxygen atom has both its neighboring
octahedral site and neighboring tetrahedral site
filled with an iron atom. The experimental data
would suggest perhaps, that the iron atoms in the
dilute system tend to group together into Fe-0-Fe
complexes rather than be distributed randomly
throughout all the available octahedral and tetrahe-
dral sites. In this case we would assign the 2. 88-
and 3. 16-eV absorptions, in either the dilute system
or in YIG, to charge transfer excitons involving
both tetrahedral and octahedral iron atoms asso-
ciated with each exchange coupled Fe(tetrahedral)-
0-Fe(octahedral) complex.

At energies above 3.2 eV the absorption coeffi-
cient of YIG increases rapidly according to Fig. 3
and approaches 5~10 cm above 5 eV. Further-
more, considerable structure is revealed by the
ref lectivity data of Fig. 4, the E2 data of Fig. 5,
and the derivative ref lectivity data of Fig. 7. It is
of interest to compare the derivative reflectance
results for YIG with recent measurements" near
3.4 eV in Si as shown in Fig. 13. The important
point is that the reflectance structure in YIG is
comparable in both magnitude and width with the Si
results, lending support to the view that band-to-
band transitions are involved.

Additional evidence for bandlike states is pro-
vided in Fig. 14, where we have compared E'~ curves
for YIG, SrTiO„' and NiO. ' In the case of SrTiO,
it is known that bandlike 2p-3d charge transfer
transitions determine E2 in this spectral region and

that there are ', empty d states per oxygen atom.
In the case of YIG there are

~&
empty one-electron

d states, and in NiQ there are 2 empty d states per
oxygen atom. If the same types of p -d optical
transitions are dominant in all three materials,
then the simplest model would yield ratios of oscil-
lator strengths of 1:8. 5 for SrTiO„YIG and NiO,

respectively. As a rough guide to the total oscil-
lator strength, we take the area under each E2 curve
to 6 eV and find that the strengths are approximately
in the above ratio. This result suggests that one-
electron 2p- 3d charge transfer transitions are
dominant in all three materials and that the absorp-
tion edge near 3. 5 eV observed in NiO is due to
such transition rather than to 3d-4s electron-
promotion transitions as suggested by Adler and

Feinleib. ~ Comparison of these materials on the
basis of absorption coefficient again reveals strik-'

ing similarities, as shown in Fig. 15, with satura-
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FIG. 13. Comparison of logarithmic derivative results
for YIG with structure in Si taken from Ref. 35.
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FIG. 14. Comparison of dielectric response functions
for YIG, NiO (Ref. 14), and SrTi03 (Ref. 36).

tion above 5 eV occurring at (5-8) &&10' cm '.
At energies above 9 eV Powell and Spicer' have

observed that the absorption coefficient in NiO in-
creases to near 2 ~10 cm, a value typical for
dipole-allowed P - s interband transitions in semi-
conductors. This high-energy absorption was
therefore assigned to band-to-band O(2P) -Ni(4s)
transitions. That a similar high-absorption region
occurs in YIG can be shown using the refractive-
index analysis of Wemple and Tabor. ' These au-
thors show that the long-wavelengths optical dielec-
tric constant & in Gd& 3TbQ 7Fe,O&z can be decom-
posed into three terms in the form E = 5. 1 = 1+ 1.5
+2. 6, where the first term is the vacuum contribu-
tion, the second term is associated with an oscil-
lator near 4 eV, and the final term is associated
with an oscillator near 8 eV. We assign the 4-eV
oscillator to the 2P - 3d charge transfer bands. If
there were no d electrons present, then the refrac-
tive index would be equal to v'3. 6 =. 1.9, which is
close to the index of garnets not containing iron. '
An estimate of the absorption coefficients required
to produce this index can be made using the well-
known sum rule':

n = 1+6. 3a /E, ,

where o'. is in units of 106 cm ', and E, is the ap-
proximate photon energy in eV at which the absorp-
tion saturates. Taking n= 1.9 and E, = 8 eV yields
a =10 cm '. Because the true absorption coeffi-
cient falls off at very high energies, the peak ab-
sorption coefficient is certainly higher than the

6
I I I I I I

Io 5

E
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Z
0
U
4

Io

lo 2

n —1= ~ 0dX,
27T

Q

where n is the absorption coefficient, and the inte-
gration extends over the full wavelength interval 0
to X,. Equation (1) can be rewritten in terms of the
average absorption coefficient n, in the form

IO' I I I I I I

I.o I.4 I.8 2.2 2.6 3.0 3L4
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3.8 4, 2 4.6 5.0 5.4

FIG. 15. Comparison of absorption edges in YIG,
NiO (Ref. 14), and SrTi03 [Ref. 36; M. Capizzi and A.
Frova. Nuovo Cimento B 5, 181 (1971)].



OPTICAL PROPERTIES OF EPITAXIAL IRON GARNET. ~ ~ 2143

above average and could easily reach 2&&10 cm '
as observed' in NiO. We conclude that very strong
absorptions occur at energies above those shown
in Figs. 3 and 5 for YIG, and that these absorp-
tions generally contribute more to the refractive
index in garnets than all the optical transitions that
involve d electrons. Ne also suggest that these
high-energy absorptions are primarily dipole-al-
lowed 2P -4s interband transitions.

V. CONCLUSIONS

The main results of the experimental investiga-
tion can be summarized as follows:

(i) A series of Fe' crystal-field transitions lying
between 1.4 and 3.4 eV involve localized d-elec-
tron states that can be associated with either octa-
hedral or tetrahedral iron. The number of observed
transitions is greatly reduced in the filled lattice
(YIG) when compared with the dilute system
(YGG: Fe'), possibly due to a combination of line
broadening and masking of the weak octahedral Fe"
crystal-field transitions by the much stronger
tetrahedral Fe" transitions. The strengths of all
crystal-field transitions decrease with dilution of
either tetrahedral iron (with Ga') or octahedral
iron (with Sca') sublattices.

(ii) Optical transitions having strengths more
than a factor of 10 above the tetrahedral iron crys-
tal-field transitions are observed at 2. S and 3.2 eV
in both the filled and dilute lattices. We have sug-
gested that these transitions involve charge transfer
excitons of the configuration 2P'3d . Results for the
Ga"- and Sc"-substituted systems indicate that
these features can not be separately identified with

either the octahedral or tetrahedral sublattices.
We suggest instead that exchange coupled Fe-0-
Fe complexes are involved in keeping with an earli-
er suggestion of Wood and Remeika. '

(iii) Strong optical absorptions above 3.4 eV have
been associated with 2P -3d charge transfer bands
for which the final states are itinerant one-electron
band states. This conclusion is based on the widths
and strengths of derivative reflectance spectra and

the similarities between c2 and absorption spectra
of YIG, SrTiO„and NiO.

(iv) Very strong semiconductorlike optical transi-
tions occur above about 8 eV. These transitions,
which make the major contribution to the refractive
index, almost certainly involve 2P -4s transitions
between the oxygen-2P band and the Fe" 4s band.

Note added in Pyoof. Some recent work has
been reported that is directly relevant to the con-
tents of the present paper. Optical absorption data.

for YIG are contained in N. Nettling, B. Andlauer,
P. Koidl, J. Schneider, and W. Tolksdork, Phys.
Status Solidi B 59, 63 (1973). An optical study of
both YIG and YGG: Fes', including a multiple os-
cillator fit to YGG: Fe~ absorption data, has been
submitted by G. B. Scott, D. E. Lacklison, and

J. L. Page. These authors have emphasized a
crystal-f ield analysis of observed absorption spec-
tra.
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