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Faraday rotation and ellipticity spectra were measured at photon energies hv = 0.9-4.0 eV 
for R3 +$!e,Fes012 (R = Y, Gd, Yb) films with substitutions up to x = 2.5, 
expitaxially grown by rf sputtering. The Ce substitution prominently enhances the Faraday 
effect not only in the IR region at hv = 1.4 eV but also in the UV region at hv = 3.1 
eV. Both transitions have a paramagnetic dispersion relation, which are nearly equal in 
magnitude but opposite in sign. Optical absorption is also induced by a new transition 
due to Ce” + at hv = 2.1 eV, which does not enhance Faraday rotation. These electronic 
transitions may be attributed to charge transfer transition Ce3 + ( 4J)-Fe3 + (tet. ) . 

I. INTRODUCTION transmitted through the sample with that transmitted 
through the substrate. Recently we succeeded in growing epitaxial films of 

Ce-substituted iron garnet (Y3 -,CeJ?e,Or& by rf 
sputtering’” with substitutions up to x = 1.5. The mag- 
neto-optical (MO) effect and optical absorption in these 
films are strongly enhanced in the near infrared (IR) re- 
gion around hv k 1.4 eV.“4 The enhanced Faraday rota- 
tion at room temperature is as large as 1.3 x lo4 deg/cm 
per Ce ion at wavelengths of 1150 nm. This rotation sur- 
passes, by a factor of 6, that found. with Bi3 + ions, the 
champion of the MO enhancement .for the past 20 years. 
However, origin of the MO enhancement with Ce ions is 
not clear at present. 

In this paper we describe the Faraday rotation, ellip- 
ticity and optical absorption of R3 -,Ce,FeSOlz (Ce:RIG, 
R = Y, Gd, Yb) films in an extended photon energy range 
of hv = l-4 eV, and discuss assignments of the observed 
electronic transitions. The detailed changes of MO and 
absorption spectra with Ce substitution give an important 
clue to the understanding of the origin of the MO enhance- 
ment. 

II. EXPERIMENT 

The films were deposited on ( 111 )-oriented 
Gd3GaS0,, (GGG) and Nd3Ga50i2 (NGG) single-crys- 
tal substrates by conventional rf diode sputtering in pure 
Ar or reduced atmosphere of Ar + Hz (the total gas 
pressure = 50 mTorr, HJAr = O-5%). The substrates 
were heated to 500 “C!. The deposition rate was 6 nm/min. 
We used ceramic targets with stoichiometric garnet com- 
positions of R3 -,Ce,FesOlz (x = O-3.0 for R = Y, x 
= 1.0 for R = Gd, x = 1.5 for R = Yb). 

The chemical compositions of the films were analyzed 
by an induction-coupled plasma (ICP) method. X-ray 
photospectroscopy (XPS) was used for determining the 
valence of the Ce ions. Faraday rotation and ellipticity 
angles~ were measured at room temperature by the polar- 
ization modulation method using a monochromatic light 
source (hv = 0.9-4.0 eV). The optical absorption coeffi- 
cient was determined by comparing the intensity of light 

Ill. RESULTS AND DISCUSSION 

The single-crystalline garnet films were epitaxially 
grown in situ on GGG and NGG substrates. The compo- 
sition ratios Cc/R in the epitaxial films were close to those 
in the targets, while the ratios Fe/Y were a bit smaller than 
the values in the targets. We could successfully extend the 
amount of Ce substitution to x = 2.5 for R = Y by sput- 
tering under the reduced atmosphere of Ar + HP This 
may be because the reduced atmosphere prevents Ce ions 
from changing valence 3 + to 4 + , facilitating the incor- 
poration of Ce into the garnet structure. The XPS showed 
that the Ce ions in the films are almost all trivalent. 

Figure 1 shows Faraday rotation spectra for 
Y3 -,Ce,FesOlz (x = 0, 1.0, 2.0, 2.5) films. They exhibit 
paramagnetic type dispersion centered around 1.4 eV in 
agreement with those in the previous reports.‘94 The zero- 
cross points of the spectra shift a bit toward higher photon 
energy with increasing Ce substitution. Faraday rotation of 
the tilm is prominently enhanced with increasing x, reach- 
ing 5.6~ lo4 deg/cm for x = 2.5 at the wavelength a= 633 
nm (hv = 1.96 eV). This is also shown in Fig. 2 as specific 
Faraday rotation Fat/z = 1150 nm (hv = 1.08 eV> plotted 
as a function of Ce content x. Faraday rotation for Bi- 
substituted YIG sputtered films is also shown for compar- 
ison. The enhancement factor per Ce ion is as large as 
1.3 X lo4 deg/cm. Faraday spectra and MO enhancement 
factors for R = Gd and Yb were similar to the above for Y. 

Figure 3 shows the spectra after subtracting the Fara- 
day effect in a Y3Fe50i2 film from the effect in a 
Y,CelFe,Olz film. These spectra express Ce contribution 
to the Faraday rotation Ffi and ellipticity xce. The spectra 
of Fee and xce clearly show paramagnetic type dispersions 
centered not only at hv = 1.4 but also at 3.1 eV. They are 
nearly equal in magnitude but opposite in sign. Thus MO 
enhancement in the visible region may be ascribed to two 
electronic transitions associated with Ce3 + . The half-line- 
widths determined from the resonance lines of xce are 0.22 
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FIG. 1. Faraday rotation spectra for Y3 -,Ce,Fe~Olz films at room tem- 
perature. 

and 0.24 eV for the transitions at hv = 1.4 and 3.1 eV, 
respectively. 

Figure 4 shows optical absorption spectra for 
Y3~- $exFesO1, films. As x increases, the spectra show an 
increasing broad shoulder in the near IR region. However 
the spectrum induced with increasing x is too broad to be 

2, =I 150 nm 

FIG. 2. Speciiic Faraday rotation for Y3 -.JJepe,Olz films at ,?. = 1150 
nm. Faraday rotation for Bi-substituted YIG films are also shown for 
comparison. 
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FIG. 3. Ce contribution to Faraday rotation Fa and Faraday ellipticity 
XCe 

attributed to an electronic transition. To estimate the Ce 
contribution to the optical absorption, we roughly fitted 
the following dispersion relation, which gives the absorp- 
tion (r due to a single transition,5 to the measured absorp- 
tion spectrum: 

a=Al?v[(& y2 + r2)2+4r2y2] -1, (1) 
where v is the frequency of the incoming light, A is a 
constant, and I? and v. are the half-linewidth and the cen- 
tral frequency of the transition, respectively. Figure 5 
shows the fitted curve (dotted line) for the absorption 
spectrum of Y1C!e2Fe,012 film, together with components 
used to produce the fit. The fitting requires that the ab- 
sorption of Ce:YIG films in the near IR region is ascribed 
to at least two electronic transitions, i.e., one (hI’ = 0.26 
eV) centered at hv = 1.5 eV and the other (hl? = 0.42 eV) 
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FIG. 4. Optical absorption spectra for Y, _ $exFe,Olz films at room 
temperature. 
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FIG. 5. Fit using Eq. (1) to the absorption spectrum of Y,Ce,Fe,Olz film; 
solid line-experimental, dotted line-calculated. 

centered at 2.1 eV. The first transition is identified with 
that inducing a pronounced Faraday effect as shown in 
Fig. 3, since the values of the transition energy and half- 
linewidth in both transitions are in good agreement. On the 
other hand, the second transition centered at 2.1 eV is new 
and shows no Faraday effect. 

These observed electronic transitions, especially the 
two transitions found in absorption spectra may be treated 
in terms of Ce3+-Fe3+ charge transfer ( Ce3 + 
+ Fe3+-Ce4+ + Fe2+ ) rather than the 4f-5d intraorbital 

transition1’4 in Ce3 + ions. This is because the 4f-5d tran- 
sition energy assigned in Ce-doped Y3A150i2 (Ref. 6) is 
too high to explain the spectra in the IR region.7 The 
Ce3 + -Fe3 + charge transfer transitions are expected at 
lower energy than the 4f-5d transition since the final states, 
i.e., the empty bands of Fe’+ are thought to be situated 
below the 5d level. 8*9 The lowest charg e transfer transition 
within Ce3 + (dodecahedral) -Fe3 + (tetrahedral or octahe- 
dral) pair will be Ce 3 + (4f’)-Fe3 + (tet.)since the tetrahe- 
dral Fe3 + ions are the .nearest-neighbor metal ions to the 
dodecahedral Ce ions (Fig. 6). It should be further noted 
that the tial state of this transition consists of two sub- 
bands of the tetrahedral e ( Fe2 + ) and t2 (Fe2 + ) levels 
separated by 0.45 eV.9 This value is fairly consistent with 
the energy separation (0.6 eV) between two transitions 
observed in the absorption spectra. The above charge 
transfer model is also supported by the fact that MO en- 
hancement factor at hv = 1.4 eV is proportional to the 
sublattice magnetization of the tetrahedral sites, which was 
evaluated from the M concentration dependence of xce in 
Y2CelFeS - fix012 (M = Al, In). lo However, we need to 
investigate further in order to derive exact conclusions on 
the origin of MO enhancement in Ce-substituted iron gar- 
net. 
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FIG. 6. Energy-level scheme for Fe(tet.) and Ce(dodeca.) in iron gar- 
nets. Allows denote the charge transfer transitions. 

IV. CONCLUSIONS 

We have successfully grown the R3 -,Ce,FesO12 epi- 
taxial films containing a large amount of Ce up to x = 2.5 
by rf sputtering. The Ce substitution prominently en- 
hanced the Faraday effect not only in the IR region at 
hv = 1.4 eV but also in the UV region-at hv = 3.1 eV. Both 
transitions have a paramagnetic dispersion relation, which 
are nearly equal in magnitude but opposite in sign. We also 
found a new optical absorption due to Ce3 + at hv = 2.1 eV 
which does not enhance the Faraday effect. The electronic 
transitions observed in the IR region may be attributed to 
the charge transfer transition from Ce3 + (4f) to 
Fe3 + (tet.) rather than the 4f-5d intraorbital transition in 
Ce3 + ions. 
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