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Magneto-optical enhancement in sputtered epitaxial films
of praseodymium-substituted yttrium iron garnet

M. Gomia) and H. Toyoshima
Department of Materials Science, Japan Advanced Institute of Science and Technology, Tatsunokuchi,
Ishikawa 923-12, Japan

~Received 6 February 1997; accepted for publication 21 April 1997!

Faraday rotation and ellipticity were measured at room temperature in the photon energy range of
1.5–4.2 eV on Y32xPrxFe5O12 (x50–2.0) epitaxial films grown by rf sputtering. The Pr31

substitution induced negative rotation and ellipticity which satisfy a paramagnetic dispersion
relation caused by an electronic transition centered at 3.0 eV. The maximum value of the Pr31

contribution was22.53104 deg/cm in rotation and24.13104 deg/cm in ellipticity forx52.0.
Optical absorption measurements showed that this is a new transition induced by the coexistence of
Pr31 and Fe31, and it is neither 4f –5d intra-atomic transition nor 4f –4f transition originating from
Pr ions as previously supposed. ©1997 American Institute of Physics.@S0021-8979~97!01315-7#
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I. INTRODUCTION

Praseodymium substitution to iron garnet is well know
to induce large negative Faraday rotation in the visible. T
origin has been investigated by many researchers so
since the knowledge about the enhancement mecha
brings us a useful criterion for finding new materials exh
iting large magneto-optical~MO! effect.1–9 Visnovskyet al.
reported from Faraday rotation measurements for liqu
phase epitaxial films of PrxY32xFe52yGayO12 that the in-
duced Faraday rotation is attributed to a diamagnetic e
tronic transition associated with 4f –5d transition of Pr31

around photon energies ofhn53.1–3.3 eV, rather than an
enhancement of Fe31 transitions as is known to be the ca
for Bi31 ~Ref. 2!. They also showed that induced structur
are observed at 2.9, 4.3, and 4.5 eV in polar Kerr rotat
spectra. Leyculaset al. concluded, on the basis of temper
ture dependence of Faraday rotation induced by one Pr31 ion
for various Pr concentrations, that the Pr31 contribution to
the rotation is attributed to a newly observed paramagn
transition located close to 2.25 eV.5 However, the origin of
Pr contribution, i.e., type of MO dispersion and assignme
of related electronic transitions has been not yet establis

To clarify the Pr contribution, we have examined t
Faraday rotation and ellipticity in the photon energy range
1.5–4.2 eV for yttrium iron garnet~YIG! thin films contain-
ing different amounts of Pr. In this article, the Pr contrib
tion to MO properties and optical absorption of the films a
described and the origin through comparison between th
is discussed.

II. EXPERIMENT

The films were grown onto~111!-oriented Gd3Ga5O12

~GGG! single crystal substrates by conventional rf dio
sputtering using ceramic targets of Y32xPrxFe5O12 ~x50,
1.0, 1.5, 2.0!. Typical sputtering conditions were as follow
substrate temperature5400 °C, argon pressure550 mTorr,
incident rf power density55.6 W/cm2, and deposition
rate55 nm/min. Film thickness was adjusted to be less th

a!Electronic mail: gomi@jaist.ac.jp
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150 nm, which allows transmission optical measurem
even in the ultraviolet. Epitaxial films of Y3Al4.9Fe0.1O12

~Fe:YAG! and Y2Pr1Al4.9Fe0.1O12 ~Fe:PrYAG! for optical
absorption measurements were also grown by the same
cedure except that the growth temperature was 550 °C.

Chemical composition of the prepared films was an
lyzed by x-ray photoelectron spectroscopy. Faraday rota
and ellipticity angles were measured at room temperature
a polarization modulation method using a photoelastic mo
lator in the range of 1.5–4.2 eV~Ref. 10!.

III. RESULTS AND DISCUSSION

A. Film quality

The films showed only x-ray reflection from a~111!
plane as seen in Fig. 1. It was confirmed from x-ray p
figure analysis that the single crystalline films arein situ
grown on GGG substrates, with the~111! plane parallel to
the surface. However, the film forx52.0 was double layered
and poor in crystalline quality, which resulted from too lar
lattice mismatch between the film and the substrate.11 The
lattice constanta of the film calculated using the relatio
a5as2@(12m111)/(11m111)#(as2af) is shown in Table I,
whereas is the substrate lattice constant,af the measured
perpendicular lattice constant of the film andm111 is the
Poisson constant for~111! oriented film. The Poisson con
stant of YIG, 0.30 was used for the calculation.8 The mea-
sured lattice constants are larger by 0.8% than those of
liquid-phase epitaxial films, reflecting iron deficiency as d
scribed below.8

The chemical composition analysis showed that th
films are iron deficient, exceptx of 2.0, as shown in Table I
The ratios of Pr to Y are close to those of the targets.

B. Magneto-optical properties and optical absorption

Figure 2 shows Faraday rotation (F) and ellipticity ~x!
spectra of Pr-substituted YIG films at room temperature. T
spectra of nonsubstituted film have complicated structu
above 2.5 eV arising from electronic pair transitions betwe
neighboring octahedral and tetrahedral Fe31 ions and
13599/4/$10.00 © 1997 American Institute of Physics
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oxygen-to-iron charge transfer transitions. These have b
assigned by Scottet al.12 When the Pr substitution is in
creased, the Faraday rotation spectrum changes sign ar
3.1 eV. On the other hand, the ellipticity shows the rema
able increase in negative sign around 3 eV. It should
noted here that the fine structures seen in the spectrum
x50 remain even after the spectral change. This sugg
some contribution of the Pr substitution overlapping on
spectrum of YIG film. Therefore, it was evaluated by su
tracting the spectrum of nonsubstituted film from those
Pr-substituted films, assuming that Fe contribution itsel
unchanged by the Pr substitution. The results are show
Fig. 3. The subtracted spectra of Faraday rotation (FPr) and
ellipticity (xPr) show approximately a paramagnetic disp
sion relation centered at 3.0 eV, though some structures
also seen above 3.8 eV in both spectra. The maximum va
increase with increased Pr concentration, reach
FPr522.53104 deg/cm at 2.8 eV and xPr524.1
3104 deg/cm at 3.0 eV forx52. The least-squares curve
calculated using the following dispersion relations for a pa
magnetic transition with transition energyhn0 and half-
linewidth hG0 roughly fit the measured spectra as shown
Fig. 4.

F}exy9 }2n~n22n0
21G0

2!/n0@~n0
22n21G0

2!214G0
2n2#,

~1!

x}exy8 }G0~n21n0
21G0

2!/n0@~n0
22n21G0

2!214G0
2n2#,

~2!

where exy9 and exy8 denote imaginary and real parts of th
off-diagonal dielectric tensor elements andn is the frequency
of the incident light. The deviation above 3.5 eV may be d

FIG. 1. X-ray diffraction spectra of Pr-substituted YIG films grown on~111!
GGG.

TABLE I. Lattice constanta and chemical composition per formula unit i
the films. Composition values were obtained, assuming that the sum of
earth ions is 3.

Target

Film
a ~nm! Film composition

Y Pr Fe

Y3Fe5O12 1.245 3.00 0 4.11
Y2Pr1Fe5O12 1.256 1.96 1.04 4.91
Y1.5Pr1.5Fe5O12 1.261 1.40 1.60 4.36
Y1Pr2Fe5O12 ••• 0.93 2.07 6.29
1360 J. Appl. Phys., Vol. 82, No. 3, 1 August 1997

ed¬25¬Aug¬2010¬to¬133.68.192.95.¬Redistribution¬subject¬to¬AIP¬licen
en

nd
-
e
for
ts
e
-
f
s
in

-
re
es
g

-

e

to contributions of other transitions which lie in higher e
ergy. From the best fit,hn0 andhG0 were determined as 3.0
and 0.34 eV, respectively. These results tell us that th
should be a paramagnetic electronic transition around 3

FIG. 2. Spectra of~a! Faraday rotationF and ~b! Faraday ellipticityx for
epitaxial films of Pr-substituted YIG at room temperature.

FIG. 3. Pr contribution to~a! Faraday rotationFPr and~b! Faraday ellipticity
xPr .
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In order to establish where electronic transitions ass
ated with Pr ions are located, we examined the optical
sorption spectrum for Fe: PrYAG film. The result is show
in Fig. 5. Prominent absorption peaks are observed at 4.2
5.2 eV. However, note that definitely no absorption appe
at the energy position of 3.0 eV expected from the abo
result. The increase of absorption at higher energy includ
the broad shoulder around 3.6 eV is attributed to the do
Fe as understood from a comparison with the spectrum
Fe:YAG film presented together.13 Two peaks at 4.2 and 5.
eV are identified with the 4f –5d transitions of Pr ion be-
cause they are not observed in the Fe:YAG film and
extremely strong in intensity, as well as large in ha
linewidth. Taking account of so called ‘‘nephelauxetic
effect,14 the lowest 4f –5d transition energy in this film es
timated from the reported value of 6.2 eV for PrF3 is about
4.3 eV, is consistent with the above value.15 Figure 6 shows
absorption spectra of YIG films with different Pr concentr
tions. In addition to the spectrum of YIG film which exhibi

FIG. 4. Least-squares fit of paramagnetic dispersion curves toFPr andxPr

spectra of Y1.5Pr1.5Fe5O12 film; bold solid lines-calculated. Best fitting pa
rameters are 3.05 eV for transition energy and 0.34 eV for half-linewid

FIG. 5. Optical absorption spectrum of Y2Pr1Al4.9Fe0.1O12 film at room
temperature. The spectrum of Y3Al4.9Fe0.1O12 film is also shown for com-
parison.
J. Appl. Phys., Vol. 82, No. 3, 1 August 1997
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shoulders around 2.8, 3.4, 3.8, and 4.4 eV, the increase o
absorption coefficient with the Pr substitution is clearly o
served around 3.0 and 4.2 eV. The induced magnitude is
the order of 104 cm21. The absorption at 4.2 eV correspon
to the 4f –5d transition of Pr ion assigned in Fig. 5. While
the absorption enhancement at 3.0 eV which is not see
Fig. 5 but obviously seen in Fig. 6, is induced by the coe
istence of Pr and Fe ions. This transition energy is in go
agreement with that at which MO enhancement occurs.

This situation is similar to the MO enhancement o
served in cerium-substituted iron garnet films; the coex
ence of Ce and Fe ions induces a new electronic transitio
a photon energy as low as 1.4 eV which shows strong
sorption and paramagnetic MO dispersion having thehG0

50.26 eV.16 In this case, it was reported that the new tra
sition is most likely a charge-transfer type from Ce31 to
Fe31 because Ce and Fe ions easily change their vale
from 31 to 41 and from 31 to 21, respectively.16,17 The
valence of Pr ion may change as well, though higher ene
may be required for the valence change from 31 to 41 since
Pr31 is rather stable, compared to Ce31. These lend consid-
erable support to the view that Pr–Fe charge transfer tra
tion occurs at higher energy than that of Ce–Fe, being
sponsible for the observed enhancement of MO effect.

IV. CONCLUSIONS

We have epitaxially grown the Y32xPrxFe5O12 films on
~111! GGG substrates by rf sputtering. The measurement
Faraday rotation and ellipticity in a photon energy range
tended to 4.2 eV showed that the Pr substitution indu
negative Faraday rotation and ellipticity with a paramagne
dispersion relation caused by an electronic transition c
tered at 3.0 eV. The maximum value of Pr contribution
22.53104 deg/cm in rotation and24.13104 deg/cm in el-
lipticity for x52.0. From the optical absorption measur
ment, the transition at 3.0 eV is suggested to be induced

FIG. 6. Optical absorption spectra of Pr-substituted YIG films at room te
perature. Arrows show energy positions at which absorption increases
Pr substitution.
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the coexistence of Pr31 and Fe31 such as a Pr–Fe charg
transfer transition, and not a 4f –4f transition and 4f –5d
intra-atomic transition, originating from the Pr ions as pre
ously assumed.
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