
Optical transitions in magnetoelectric Ga0.6Fe1.4O3 from 0.73 to 6.45 eV
Sukgeun Choi, Christophe Lefèvre, Francois Roulland, Christian Mény, Nathalie Viart, Bobby To, Devyn E.
Shafer, Ranhee Shin, Jihye Lee, and William Jo 
 
Citation: Journal of Vacuum Science & Technology B 30, 041204 (2012); doi: 10.1116/1.4721649 
View online: http://dx.doi.org/10.1116/1.4721649 
View Table of Contents: http://scitation.aip.org/content/avs/journal/jvstb/30/4?ver=pdfcov 
Published by the AVS: Science & Technology of Materials, Interfaces, and Processing 
 
Articles you may be interested in 
Magnetic, dielectric, and magneto-dielectric properties of rare-earth-substituted Aurivillius phase
Bi6Fe1.4Co0.6Ti3O18 
J. Appl. Phys. 116, 154102 (2014); 10.1063/1.4898318 
 
Reduced leakage currents and possible charge carriers tuning in Mg-doped Ga0.6Fe1.4O3 thin films 
Appl. Phys. Lett. 100, 262904 (2012); 10.1063/1.4729872 
 
Complex dielectric function and refractive index spectra of epitaxial CdO thin film grown on r -plane sapphire
from 0.74 to 6.45 eV 
J. Vac. Sci. Technol. B 28, 1120 (2010); 10.1116/1.3498755 
 
Colossal nonlinear optical magnetoelectric effects in multiferroic Bi 2 Fe Cr O 6 
Appl. Phys. Lett. 92, 202504 (2008); 10.1063/1.2927474 
 
Dielectric functions of Al x Ga 1 − x Sb ( 0.00  x  0.39 ) alloys from 1.5 to 6.0 eV 
J. Appl. Phys. 98, 104108 (2005); 10.1063/1.2134890 
 
 

 Redistribution subject to AVS license or copyright; see http://scitation.aip.org/termsconditions. Download to IP:  131.215.225.9 On: Tue, 11 Aug 2015 17:15:41

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by univOAK

https://core.ac.uk/display/249986661?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://scitation.aip.org/content/avs/journal/jvstb?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1775750690/x01/AIP/Shimadzu_JVBCovAd_1640pdfdownload_7_29thru8_04_2015/UV_FTIR_JVST.gif/78704f7859565462654f3041416b4f63?x
http://scitation.aip.org/search?value1=Sukgeun+Choi&option1=author
http://scitation.aip.org/search?value1=Christophe+Lef�vre&option1=author
http://scitation.aip.org/search?value1=Francois+Roulland&option1=author
http://scitation.aip.org/search?value1=Christian+M�ny&option1=author
http://scitation.aip.org/search?value1=Nathalie+Viart&option1=author
http://scitation.aip.org/search?value1=Bobby+To&option1=author
http://scitation.aip.org/search?value1=Devyn+E.+Shafer&option1=author
http://scitation.aip.org/search?value1=Devyn+E.+Shafer&option1=author
http://scitation.aip.org/search?value1=Ranhee+Shin&option1=author
http://scitation.aip.org/search?value1=Jihye+Lee&option1=author
http://scitation.aip.org/search?value1=William+Jo&option1=author
http://scitation.aip.org/content/avs/journal/jvstb?ver=pdfcov
http://dx.doi.org/10.1116/1.4721649
http://scitation.aip.org/content/avs/journal/jvstb/30/4?ver=pdfcov
http://scitation.aip.org/content/avs?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/116/15/10.1063/1.4898318?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/116/15/10.1063/1.4898318?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/26/10.1063/1.4729872?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/28/6/10.1116/1.3498755?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/28/6/10.1116/1.3498755?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/92/20/10.1063/1.2927474?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/98/10/10.1063/1.2134890?ver=pdfcov


Optical transitions in magnetoelectric Ga0.6Fe1.4O3 from 0.73 to 6.45 eV

Sukgeun Choi
National Renewable Energy Laboratory, Golden, Colorado 80401
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The optical properties of polycrystalline Ga0.6Fe1.4O3 bulk are determined by spectroscopic

ellipsometry from 0.73 to 6.45 eV. Complex dielectric function e¼ e1þ ie2 spectra are obtained

from the multilayer analysis. The ellipsometric data exhibit numerous optical structures, and the

transition energies are accurately obtained by analyzing the second-energy derivatives of the data.

The origins of the optical structures are explained in terms of Fe3þ ligand field transitions and

ligand-to-metal charge transfer transitions. VC 2012 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4721649]

I. INTRODUCTION

There is a growing interest in the electrical manipulation

of magnetic states through magnetoelectric coupling for

potential applications in next generation memory devices.1 To

realize this new kind of functional device with the desired

level of performance, however, the discovery of materials

exhibiting strong magnetoelectricity above room temperature

is a prerequisite. For this purpose, the transition metal oxide

Ga2�xFexO3 receives considerable attention.2–7 The oxide

Ga2�xFexO3 (0.8� x� 1.4) possesses ferrimagnetic and pyro-

electric characteristics with a strong coupling between the

magnetic and electric properties at high temperature.3

Another potential application of Ga2�xFexO3 is in photo-

voltaic devices as is BiFeO3.8–10 For materials with no inver-

sion center of symmetry, photogenerated electrons and holes

can be separated spontaneously by the polarization (Ps) pre-

sented in the crystal without need of a p–n junction.9 The

larger Ps leads to the better charge separation, and the calcu-

lated Ps value for BiFeO3 single crystal11 is 90–100 lC/cm2

along the principal axis (the [111] axis in the pseudocubic
rhombohedral structure). Results from a recent local spin

density approximation (LSDAþU) of density functional

theory predict that the Ps in GaFeO3 is 58.63 lC/cm2 in the

[010] axis.12

In understanding the electronic structure and related phys-

ical properties of materials, spectroscopic information plays

an important role. For example, pronounced optical struc-

tures in dielectric function e¼ e1þ ie2 spectra generally stem

from band-to-band transitions in semiconductors and charge

transfer transitions in transition-metal complexes. As a

result, experimentally determined e spectra are widely used

to verify the predictions made by electronic structure calcu-

lations of materials.13

Spectroscopic ellipsometry (SE) determines accurately

the e spectra of materials over a wide photon energy range,

and it has been used for optical studies of numerous material

systems.14 Even though iron-oxide and related compounds

such as BiFeO3 (Refs. 15–17) have been investigated sys-

tematically by SE, studies of Ga2�xFexO3 are rare. Kalashni-

kova et al.5 reported SE-determined anisotropic e spectra of

orthorhombic GaFeO3 and trigonal Ga0.25Fe1.75O3 single

crystals from 0.7 to 5.4 eV. However, their pseudodielectric
function eh i ¼ e1h i þ i e2h i spectra show nonzero e2h i values

below the absorption edge, which perhaps stem from

surface-overlayer artifacts such as microscopic roughness,

native oxides, or any kind of surface perturbation. In addi-

tion, no rigorous spectral analysis was attempted in their

work, and thus our knowledge of optical transitions in

Ga2�xFexO3 is still very limited.

Here, we present the optical information of Ga0.6Fe1.4O3

obtained by analyzing the SE data. This particular chemical

composition x¼ 1.4 is of great interest for device applica-

tions since its Curie temperature was measured to be 370 K,

and the room-temperature saturated magnetization was as

high as 90 emu/cm3 in the thin film phase.7 However,

Ga0.6Fe1.4O3 has not been examined by SE yet.

Our study has a twofold primary goal—to determine ref-

erence quality optical function spectra and to accurately

obtain optical transition energies. We model the SE-

determined eh i spectra using multilayer analysis with the

B-spline formulation.18 The spectra exhibit several optical

structures, and their energy values are obtained by the stand-

ard line shape analysis.19 The possible origins of the

observed optical transitions are attributed to the Fe3þ ligand

field (d–d) transitions in the low-energy (<3 eV) region and

to ligand-to-metal charge transfer (LMCT) transitions in the

high-energy (>3 eV) region.20
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II. EXPERIMENT

A disk-shape (1¼ 15 mm and d¼ 2 mm) polycrystalline

Ga0.6Fe1.4O3 bulk was prepared by using a sintering process.

The stoichiometric milling of Fe2O3 and Ga2O3 was carried

out in an attritor mill for 1 h in an ammoniacal solution

(pH¼ 9). The solution was then kept inside a drying oven

until the liquid part was completely evaporated. The resulting

powder was manually ground and an organic binder (polyvi-

nyl alcohol) of around 3 wt. % was added to improve the

mechanical properties of the sample. The powder was finally

compacted into pellets and sintered in a platinum crucible for

40 h at 1400 �C and then for another 10 h at 1450 �C, both

in air.

Formation of a single phase of Ga0.6Fe1.4O3 with ortho-

rhombic structure was verified explicitly by x-ray diffraction

(XRD) h–2h scans using a Bruker D8 Advance equipped

with a monochromatic Cu radiation source (Ka¼ 1.54056 Å)

and a Sol-X detector. The 2h scan range was from 25� to

40� and the angular resolution was 0.02�. Profile matching

refinement was performed by the FULLPROF program21 using

the pseudo-Voigt profile function. The XRD pattern in Fig. 1

shows the peaks characteristic of the GaFeO3 structure (space

group Pna21) and there is no evidence of the presence of

impurities. The refinement of the XRD data results in the

lattice parameters a¼ 8.762(1)Å, b¼ 9.419(1)Å, and

c¼ 5.083(1)Å.

SE data were acquired from 0.73 to 6.45 eV using a spec-

troscopic rotating compensator-type ellipsometer (M2000-DI

model, J.A. Woollam Inc.) with the sample at room tempera-

ture. The angle of incidence was varied from 65� to 75� with

an increment of 5�. Data were recorded after averaging 5000

cycles of the compensator (5000 revolutions per measurement)

to increase the signal-to-noise ratio.

III. RESULTS AND DISCUSSION

The e spectra of Ga0.6Fe1.4O3 are extracted by multilayer

(ambient/surface–roughness/bulk) analysis of the SE data.

The microscopic roughness of the surface, estimated to

be� 50 Å, is represented by a Bruggeman effective medium

approximation using a 50–50 mixture of the bulk and void.22

The optical functions of the Ga0.6Fe1.4O3 bulk are con-

structed by the B-spline formulation.18 The SE data W and D
taken at three incident angles and their best-fit curves are

shown as open symbols and closed lines, respectively, in

Figs. 2(a) and 2(b). Only 10% of the actual data points are

presented here to show clearly the quality of the fits.

Figure 2(c) presents the resulting e spectra. As mentioned

earlier in this paper, the Ga2�xFexO3 (0.8� x� 1.4) bulk

crystallizes in the orthorhombic structure and thus biaxial

optical anisotropy (exx= eyy= ezz) is anticipated in theory.

The polycrystalline nature of the Ga0.6Fe1.4O3 used in our

study, however, makes it difficult to probe the optical anisot-

ropy. Therefore, our e spectra reported here can be regarded

as an average of the three principal components,

(exxþ eyyþ ezz)/3. We note that the SE study of Kalashnikova

et al.5 has found no strong anisotropy in orthorhombic

GaFeO3 crystal. Thus, Ga0.6Fe1.4O3 crystal studied in this

work, which also forms in the orthorhombic structure, may

not exhibit strong optical anisotropy either.

In Fig. 2(c), two major optical structures are seen at �3.5

and 6.0 eV with a distinct but relatively weak shoulder at

�2.4 eV. The inset shows two additional weak features, Ea

FIG. 1. (Color online) X-ray diffraction pattern of Ga0.6Fe1.4O3 bulk. Exper-

imental data (solid green circles) are in an excellent agreement with the cal-

culated curve (solid red line). Vertical thin lines below the experimental

data indicate the Bragg reflections, and the solid blue curve (Exp - Cal) in

the bottom part.

FIG. 2. (Color online) Data (open symbols) and the best-fit curves (solid

lines) for (a) W and (b) D of Ga0.6Fe1.4O3. Only 10% of the data points are

presented to show clearly the quality of fit. (c) Dielectric function

e¼ e1þ ie2 spectra obtained from the multilayer analysis. Inset: The e2 spec-

trum from 1.0 to 2.2 eV shows two weak structures, Ea and Eb, at �1.55 and

�1.95 eV, respectively.
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and Eb, at �1.55 and �1.95 eV in the e2 spectrum, respec-

tively. The two major structures in the high-energy (>3 eV)

region are attributed to the superposition of multiple LMCT

transitions from the O 2p bands to the Fe 3d bands.20 They

rather appear as broad structures in the room-temperature e
spectra, but the individual transitions are better resolved in

the derivative spectra, which is discussed later.

The three weak structures in the low-energy (<3 eV)

region were identified as the Fe3þ ligand field transi-

tions.5,20,23,25,26 In the octahedral field (Oh symmetry), the

five d orbitals—dxy, dyz, dzx, dx2 � dy2 , and dz2 —are split into

two sets of levels, t2g (dxy, dyz, and dzx) and eg (dx2 � dy2 and

dz2 ), as depicted in Fig. 3(a). The ground state 6A1 arises

from the (t2g)3(eg)2 configuration of high-spin Fe3þ, where

three unpaired electrons occupy the three t2g levels and the

remaining two unpaired electrons the two eg levels. The first

possible excited state configuration is (t2g)4(eg),1 which

results in the 4T1 and 4T2 states. The next excited state is pre-

dicted to be the 4A1,4E states with the (t2g)3(eg)2 configura-

tion. Conclusively, the first three optical transitions observed

at �1.55, �1.95, and �2.4 eV are attributed to the 6A1 !
4T1,6A1 ! 4T2, and 6A1 ! 4A1,4E transitions, respec-

tively.5,23,25,26 The ligand field transitions from the ground

state to excited states and the electronic configurations24 of

each state are depicted in Fig. 3(b).

These ligand field transitions from the ground state 6A1 to

the excited states are, in principle, forbidden by the selection

rules.20 First, all the transitions within the d-shell are not

allowed because the quantum number must be changed

(Dl¼61). Second, the spin selection rule (DS¼ 0) states

that there should be no change in the number of unpaired

electrons (multiplicity). However, these forbidden ligand

field transitions are often observed in iron oxides through the

magnetic coupling of electronic spins of next nearest neigh-

bor Fe3þ cations in the crystal structure,23 although their

intensities are much weaker than the allowed LMCT transi-

tions as revealed in Fig. 2(c).

In order to accurately determine energies of the optical

structures in the high-energy region (LMCT transitions), we

numerically calculated second-energy-derivative spectra

from the eh i data using a linear filtering algorithm of the

Savitzky–Golay type.27 The LMCT transition energies are

then extracted by least-squares fitting the standard line shape

expressions to the data.17,19 Both real and imaginary parts

were fitted simultaneously. The second-energy-derivative

spectra of the eh i, together with the best-fit curves, are shown

in Fig. 4. The open circles and squares represent the

d2 e1h i
�

dE2 and d2 e2h i
�

dE2 results, respectively, which are

calculated from the data. The solid-red and dotted-blue lines

correspond to the best-fit curves of the real and imaginary

parts, respectively.

Differentiation enhances the sensitivity to the residual op-

tical structures, and multiple LMCT transitions are now

clearly shown in Fig. 4. For example, a weak spectral feature

locating at 2.72 eV is not seen in the e spectra in Fig. 2(c),

but its existence (Ed transition) is obvious in the d2 eh i
�

dE2

spectra. This structure has not been resolved in the previous

SE study5 of GaFeO3. A total of seven line shapes are

employed to fit the spectra between 2.0 and 6.0 eV. The fit-

determined energies of these transitions are listed in Table I.

For comparison, the energies for GaFeO3 and Ga0.25Fe1.75O3

reported in previous studies5,25,26 are also included.

FIG. 3. (Color online) (a) Fe 3d5 ligand field splitting. The degenerated five

3d orbitals are split into two levels, t2g and eg, in the octahedral field. The

energy difference between those two levels is the octahedral field splitting

parameter Doct. (b) Simplified Tanabe–Sugano diagram (Ref. 23) for Fe3þ in

the octahedral coordination. The three weak transitions at �1.55, �1.95,

and �2.4 eV observed in the e2 spectrum [in Fig. 2(c)] are identified as the
6A1! 4T1,6A1! 4T2, and 6A1! 4A1,4E transitions, respectively. The elec-

tronic configurations of each state are also included (Ref. 24).

FIG. 4. (Color online) Solid and dotted lines are standard line shapes fit to

second-energy-derivative d2 e1h i
�

dE2 (open circles) and d2 e2h i
�

dE2 (open

squares) spectra, respectively. For clarity, only one-third of the actual data

points are shown. The energies of each transition are indicated by arrows.

Note: The labels are given in an arbitrary manner; they are irrelevant to the

group theory representations.
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The first transition Ec at 2.4 eV in Fig. 4 is the Fe3þ

ligand field transition 6A1! 4A1,4E, which has already been

explained in Fig. 3(b). The Ed transition occurring at 2.72 eV

is the LMCT transition with the smallest energy in

Ga0.6Fe1.4O3, and therefore this is somewhat equivalent to

the fundamental bandgap in band-to-band transition materi-

als. Our value is close to the optical gap energy reported by

Sun et al.26 on GaFeO3 thin film deposited on quartz sub-

strate, 2.76 eV, but much larger than the theoretical predic-

tion12 of �2 eV. Observation of discrepancy between

theoretical prediction and experimental determination of

bandgap energy is not unusual, which can be understood by

the underestimation of bandgap energies in many density

functional theory calculations.12

For higher-energy (>3 eV) optical structures in GaFeO3,

a recent first-principles calculation12 attributed those to the

transitions from the uppermost valence band mainly consist-

ing of Fe 3d and O 2p states to the conduction band with Fe

3d, Ga 4s, Ga 4p, and O 2p states. More detailed information

on the optical transitions in trigonal-phase Ga0.25Fe1.75O3

has been given by Kalashnikova et al.5 based on the results

from calculations of the electronic structure of iron oxide

(a-Fe2O3) within the cubic-field approximation.28

However, orthorhombic-phase Ga2�xFexO3 (0.8� x� 1.4)

compounds possess different crystallographic symmetries

from trigonal-phase Ga0.25Fe1.75O3, and their optical transi-

tions in high-energy regime are not clearly understood yet.

Positive identification of the origin of these transitions would

require rigorous theoretical investigations, which is beyond

the scope of this work. Rather, it is our intention to report

accurate energy value of optical transitions in Ga0.6Fe1.4O3, so

that theoreticians can perform calculations and fine adjust-

ments of the electronic structure of orthorhombic-phase

Ga2�xFexO3 compounds.

IV. CONCLUSIONS

We reported complex dielectric function e spectra of the

polycrystalline Ga0.6Fe1.4O3 bulk from 0.73 to 6.45 eV. We

applied the multilayer modeling procedures to extract the e
spectra from the ellipsometric data. The spectra exhibit several

optical structures, and their energies were obtained from the

standard line shape analysis of second-energy-derivative

d2 eh i
�

dE2 spectra. Three relatively weak structures at �1.55,

�1.95, and 2.40 eV are identified as the Fe3þ ligand transi-

tions. The next six structures at 2.72, 3.10, 3.70, 4.13, 4.96,

and 5.85 eV are assigned to various ligand-to-metal charge

transfer transitions from O 2p bands to Fe 3d bands. Our find-

ings provide ample incentive to better understand the electronic

structure and related physical properties of orthorhombic-phase

Ga2�xFexO3 as a research path to developing high-

performance magnetoelectric and photovoltaic devices.
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TABLE I. Optical transition energies for Ga0.6Fe1.4O3 at room temperature (in eV). Previously reported energies for GaFeO3 and Ga0.25Fe1.75O3 are also

included for comparison.a

Ga0.4Fe1.6O3 GaFeO3 Ga0.25Fe1.75O3

Transitions This work Reference 26 Reference 25 Reference 5b Reference 5b

Ligand field transitions Ea �1.55 1.5 1.55 �1.5
6A1! 4T1

Eb �1.95 2.18 1.95 �2.0
6A1! 4T2

Ec 2.40 6 0.01 2.84 �2.5 2.53 (xx)
6A1! 4A1,4E 2.53 (zz)

Charge transfer transitions Ed 2.72 6 0.01 2.84 (xx)

t2u(p)! t2g 2.99 (zz)

Ed 3.10 6 0.02 3.3 (xx) 3.16 (xx)

t1u(p)! t2g 3.28 (yy) 3.32 (zz)

3.31 (zz)

Ef 3.70 6 0.04 3.6 (xx) 3.86 (xx)

t1u(r)! t2g 3.9 (yy) 3.88 (zz)

3.69 (zz)

Eg 4.13 6 0.04

t2u(p)! eg 4.63 (xx)

Eh 4.96 6 0.29 4.63 (zz)

t1u(p)! eg

Ei 5.85 6 0.01 5.4 (xx) 5.9 (xx)

t1u(r)! eg 6.0 (yy) 5.92 (zz)

6.0 (zz)

aSuggested origins of each transition are given based on the results from electronic structure calculations (Refs. 5 and 28).
bThe parentheses given with the energy values from Ref. 5 indicate the components of anisotropic e data.
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