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The heterogeneity of electronic states of transition metal oxides produces a variety of properties, which may
be discerned by the measurements of their nanocrystals. The structure and optical spectra of chemically
synthesized pure Fe3O4, g-Fe2O3, anda-Fe2O3 nanocrystals of different sizes have been investigated. Three
types of electronic transitions: ligand to metal charge-transfer transitions, strong magnetic coupled Fe3+ ligand
field transitions, and pair excitations, occur distinctly in the optical spectra ofg-Fe2O3 and a-Fe2O3 nanoc-
rystals except Fe3O4. The quantum size effectsfor itinerant carriersd and finite size effectsfor local magnetic
momentsd were observed in our nanocrystals, although their bulks are strong electron correlation systems. The
localized to delocalized transformation of electrons occurs with time delay in the femtosecond transient ab-
sorption spectra ofa-Fe2O3 nanocrystal sol, which indicates that heteroresponse times for different transitions
agree well with the size-dependent indication of the steady-state absorption bands of these iron oxides nanoc-
rystals. These results are helpful in understanding the relationship amongd-d transition, magnetic pairing, and
charge-transfer in transition metal oxides.
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I. INTRODUCTION

Transition metal oxidessTMOsd are very important mate-
rials and belong to the system with strong electron-electron
correlation and electron-phonon coupling, which lead to
many complex phenomena1 such as colossal magnetoresis-
tancesCMRd in manganite, superconductivity in cuprate or
water-intercalated sodium-cobalt oxide, magnetism in ferro
or ferrite and ferroelectricity in titanate or niobate or tanta-
late. Moreover, these different physical properties may even
show up in the same materialsslike ferrited and all of them
exhibit size effects. The size effects reflect different critical
physical lengths and behaviors for the varied elementary ex-
citations and the interactions between these elementary exci-
tations. However, up to now, there are some complicated or
controversial theoretical and experimental descriptions on
these properties and/or materials, for example, the relations
between itinerant carriers and locald-d transitions, the rela-
tions of collective excitation and single particle excitation
and their respective response times. Moreover these relations
and responding times are especially important for the varied
electronic properties.

In the present work, we try to understand one typical sys-
tem by using optical spectroscopic techniques. Iron oxides
sFe3O4, g-Fe2O3, anda-Fe2O3d belong to the representative
TMO compounds with magnetism and semiconductor prop-
erties. Their magnetic performances have attracted much at-
tention, but few on their itinerant electrons. The latter may be
important in understanding their optical and electric proper-
ties including CMR under high frequency electric field. Al-
though some steady-state spectroscopic results have been re-
ported in some earlier literatures,2–5 no systematic study on
different iron oxide nanocrystals with different sizes was car-
ried out. Nanometer-sized particles may serve a system for

investigating homogenous state discriminations, which may
help the understanding of the electronic structure and prop-
erties of TMOs.

Nanometer-sized particles show a variety of properties as
compared with the bulk system due to quantum size effect,
finite size effect, and specific surface-area effect, which also
show strong structure dependence. Many investigators have
studied the structural transformation of various nanocrystals
under pressure6–8 and temperature.9 The crystal structure
even could transform by varying the synthesis route. Precipi-
tation of pure Fe3+ ions by base typically produces an amor-
phous hydrated oxyhydroxide that can be easily converted to
the corundum structurea-Fe2O3 with all Fe3+ having octa-
hedral coordination.10 By introducing Fe2+ cations having a
stronger preference for octahedral site than Fe3+ cations,
which causes some of the Fe3+ ions to occupy tetrahedral
sites, the spinel structureg-Fe2O3 is favored during crystal-
lization and oxidation process.11 For the nanocrystals con-
taining Fe3+ ions, the variation of crystal structure leads to
the change of magnetic coupling strength and thus electronic
transitions, which, in turn, can be reflected in their optical
spectra. These indicate the intimate correlation of structural,
electronic, optical, and magnetic properties.

In this paper, the optical spectral characteristics of the
chemically synthesized various Fe3O4, g-Fe2O3, and a-
Fe2O3 pure nanocrystals with different sizes have been in-
vestigated in detail. Their compositions and structures are
verified with energy dispersive x-raysEDXd, x-ray photo-
electron spectroscopysXPSd, x-ray powder diffraction
sXRDd, superconducting quantum interference device
sSQUIDd and UV-visible absorption measurements accord-
ing to their specific characteristics indicated in literature. The
different optical responses in the different energy and time
scales, from locald-d transitions to delocalized pair excita-
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tions and charge-transfer transitions, are first observed by the
femtosecond time-resolved absorption spectra, which are in
accordance with the information indicated by the steady-state
spectra. The steady-state spectra of theg-Fe2O3 and a-
Fe2O3 show not only similarities but also discrepancies in
the visible range. From the crystal size, structure, and elec-
tronic transition, the spectral discrepancies were analyzed.

II. EXPERIMENT

A. Synthesis

All the chemicals were of reagent grade and used with-
out further purification. Ferric chloride hexahydrate
sFeCl3•6H2O.99%d, ferrous sulfate heptahydrate
sFeSO4·7H2O.99%d, sodium hydroxidesNaOH.96%d,
potassium hydroxidesKOH.96%d, and potassium nitrate
sKNO3.99%d were obtained from Chemical Reagent Com-
pany in Beijing.

The magnetitesFe3O4d nanocrystals with different sizes
have been prepared by two kinds of synthesis routes and
named according to their mean crystal sizesin nanometersd:
samples M-7, M-40, and M-56. The sample M-7 was pre-
pared by adding 100 ml of 1.5 M NaOH to 300 ml of an
aqueous solutions0.1 M FeCl3 and 0.05 M FeSO4d under
constant stirring at room temperature. The samples M-40 and
M-56 were obtained by the Matijevic’s method,12 that is, by
heating at 90 °C a solution mixture of 0.2 M KOH and 0.2
or 0.105 M FeSO4 for up to 4 h, in the presence of 0.2 M
KNO3. The doubly distilled water was deoxygenated by bub-
bling N2 gas for 1 h prior to use and all the main synthesis
steps were carried out by passing N2 gas through the solution
media to avoid possible oxygen contamination during the
operations. The formed black precipitate was separated by
centrifugation and washed with the deoxygenated distilled
water several times, then dried in the vacuum drying oven at
50 °C for 12 h.

The maghemitesg-Fe2O3d nanocrystals with various
shades of brown were obtained by oxidizing the correspond-
ing Fe3O4 sM-7, M-40, and M-56d nanocrystals in the elec-
tric muffle furnace at 180 °C for 8 h, 180 °C for 24 h, and
250 °C for 48 h, and denotedg-10 sreddish brownd, g-47
slight brownd, andg-65 spink brownd, respectively.

The nonmagnetic hematitesa-Fe2O3d nanocrystals with
various shades of brown were prepared by a two-step
method. First, adding 100 ml of 3 M NaOH to 400 ml of
0.2 M FeCl3 aqueous solution under magnetic stirring at
room temperature, the precipitate was instantly formed and
separated by centrifugation and washed with water several
times and dried in air. Then, the obtained nanocrystals were
sintered in the electric muffle furnace at 300 °C for 2 h,
500 °C for 3 h, and 800 °C for 8 h, and denoteda-12 sdark
brownd, a-23 sreddish brownd, and a-48 spink brownd, re-
spectively.

B. Characterization

The structural properties of all the obtained nanocrystals
were analyzed by XRD with a Bruker M18XHF diffracto-
meter using the monochromatized x-ray beam from the Cu

Ka radiation. The scanning voltage is 50 kV and the scan-

ning current is 200 mA. The average size of the crystalssD̄
in nanometersd was estimated at first using Scherrer’s
formula13 from the strongest peak in their x-ray diffraction
patterns. Their transmission electron microscopysTEMd im-
ages were obtained by using Philips CM12 microscope. The
nanocrystals were coated with a layer of dodecyl benzene
sulfonic acid sodiumsDBSd in order to suppress the particle
aggregation and then ultrasonically dispersed in an ethanol
solution. A drop of such nanocrystal solution was cast on an
amorphous carbon-coated copper grid and dried at room
temperature for TEM observation.

The optical reflectance and absorption spectra in the range
of 250–900 nm of the prepared nanocrystals were measured
using a TU-1901 UV-visible spectrophotometer with an inte-
grating sphere. The spectra were referenced against the com-
pressed BaSO4 powder.

The femtosecondsfsd absorption spectra of thea-Fe2O3
nanocrystals with the delay time were obtained with a pump-
probe technique as described elsewhere14 in detail.

In our experiment, a lot of samples were synthesized and
characterized to confirm the result reproducibility, the crystal
size, and structure effect on the optical transitions of iron
oxide nanocrystals. The reproducibility is good according to
the characterization results of XRD, EDX, XPS, SQUID, and
optical absorption. The typical samples were selected to dis-
cuss in this paper. In addition, all these nanocrystals under-
went a size selection using acetone solution to narrow their
size distribution for further characterization.

III. RESULTS AND DISCUSSION

A. Crystal structure

Figures 1–3 show the x-ray diffraction patterns of the pre-

FIG. 1. X-ray diffraction patterns of the Fe3O4 nanocrystals.
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pared Fe3O4, g-Fe2O3, anda-Fe2O3 nanocrystals accompa-
nying with their standard ones, respectively. From these pat-
terns, it is clear that all of the synthesized nanocrystals have
a single phase and the crystal structures of the Fe3O4, g-
Fe2O3, and a-Fe2O3 nanocrystals are separately in corre-
spondence with those of Nos. 19-0629, 39-1346, and 33-
0664 in Powder Diffraction FilesPDFd collected by the Joint
Committee on Powder Diffraction StandardssJCPDSd. Their
structure parameters are presented in Table I.

The representative TEM images ofg-Fe2O3 nanocrystals
are given in Fig. 4, from which the nanocrystals are all ap-
proximately spherical and the mean particle diameters of the
g-10 andg-65 are,10 and,60 nm, respectively. The val-
ues match the 10 and 65 nm obtained by calculating the
XRD data quite well. Moreover, the smaller the nanocrystal,
the better the consistency of the sizes by both techniques is.
As a result, the particle sizes calculated according to the
XRD data can be adopted to analyze the size-dependent op-
tical properties in the following sections.

B. Theory of Fe3+ spectra

It is well established2 that three types of electronic tran-
sitions occur in the optical absorption spectra of Fe3+

substances—that is, the Fe3+ ligand field transitions or the
d-d transitions, the ligand to metal charge-transfer transi-
tions, and the pair excitations resulting from the simulta-
neous excitation of two neighboring Fe3+ cations that are
magnetically coupled. The latter two concern the oxygen
skeleton and may contribute to delocalized electrons in bulk.

1. Fe3+ ligand field transitions orFe3+ d-d transitions

In octahedral coordination, the Fe 3d atomic orbitals are
split into two sets of orbitals labeled ast2g and eg. The t2g
and eg orbitals energy separation is the 10Dq ligand field
parameter or crystal field splitting. Thet2g andeg orbitals are
each split, in turn, by the exchange energy. The latter is re-
lated to the stabilization of electrons with majority spinsa
spind. The exchange splitting results in two sets oft2g andeg
orbitals, one for the majority spinsspin-up ora spind and the
other for the minority spinsspin-down orb spind electrons.
The ligand field transitions are between the states which arise
from the different possible electronic configurations of the
t2g andeg orbitals. The energies of the Fe3+ ligand field states
as a function of 10Dq are shown schematically in the well-
known Tanabe-Sugano diagram in Fig. 5.

The ground6A1s6Sd state in Fig. 5 arises from the ground
state st2g

a d3seg
ad2 configuration of high-spin Fe3+. The first

possible excited state configuration isst2g
a d3seg

ad1st2g
b d1. The

FIG. 2. X-ray diffraction patterns of the g-Fe2O3

nanocrystals.

FIG. 3. X-ray diffraction patterns of the a-Fe2O3

nanocrystals.

TABLE I. Structure parameters for the obtained Fe3O4, g-
Fe2O3, anda-Fe2O3 nanocrystals.

Sample
Structure

type
D̄

snmd
Lattice

parametersnmd

Fe3O4 smagnetited
M-7 Cubic 7

a<0.839M-40 sFd3md 40

M-56 Spinel 56

g-Fe2O3 smaghemited
g-10 Cubic 10

a<0.835g-47 sP4132d 47

g-65 Defect spinel 65

a-Fe2O3 shematited
a-12 Hexagonal 12

a-23 sR3̄Cd 23 a<0.504

a-48 Corundum 48 c<1.375
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configuration gives the4T1s4Gd and4T2s4Gd states of Fig. 5.
The remaining states in Fig. 5 result from the “spin-flip”
configurationsst2g

a d2st2g
b d1seg

ad2 and st2g
a d3seg

ad1seg
bd1.

All of the transitions from the ground6A1s6Sd state to the
excited ligand field states are, in principle, both spin and
laportesor parityd forbidden. However, in practice these tran-
sitions may occur with a definite transition probability and be
the origin of strong color of iron oxides. These transitions
become allowed or assisted through the magnetic coupling of
electronic spins of next-nearest neighbor Fe3+ cations in the
crystal structure.15–18 If two Fe3+ cations are strongly
coupled, one must consider the spectroscopic selection rules
for the Fe3+-Fe3+ pairs but not those individual Fe3+ ions, at
the moment the covalence between Fe and O also plays an
important role. A qualitative understanding of the states as-
sociated with a Fe3+-Fe3+ pair can be obtained by assuming
that the coupling between the two Fe3+ centers is via the
Heisenberg Hamiltonian

H = JSa ·Sb. s1d

Here, Sa and Sb are the electronic spins of the two Fe3+

cations andJ is the Heisenberg exchange integral. Applica-
tion of this Hamiltonian as a perturbation to the ligand field
states of the uncoupled Fe3+ cations yields a set of states for
the pair with energies given by

E = sJ/2dfSsS+ 1d − SasSa + 1d − SbsSb + 1dg, s2d

whereS is the net spin of the pair with valuesuSa+Sbu , uSa
+Sb−1u , . . . . . . ,uSa−Sbu. If both Fe3+ cations are in their

ground6A1 states,Sa=Sb=5/2; theresulting pair-states de-
rived by coupling the two Fe3+ cations will have S
=0,1, 2, 3, 4, and 5. Now, if one of the Fe3+ cations in the
pair is excited to a quartet ligand field state,Sa=3/2 and
Sb=5/2; the two Fe3+ cations would therefore couple to give
a set of pair states withS=1, 2, 3, and 4. Transition from
S=1,2,3, and 4states in the Fe3+s6A1d-Fe3+s6A1d pair-state
manifold to the states in the excited-single-ion pair-state
manifold can, therefore, occur withDS=0 and be spin al-
lowed. The relative energies of the states in the ground and
excited-single-ion pair-state manifolds are shown in Fig. 6.

In iron oxides, some O2− ions lie between the magneti-
cally coupled two neighboring Fe3+ ions, meaning the over-
lapping or hybridization between Fe 3d and O 2p orbitals,
and thus relax the Laporte-forbidden transition to some ex-
tent. Therefore, both the spin and Laporte selection rules for
the Fe3+ ligand field transitions can be relaxed by the mag-
netic coupling of adjacent Fe3+ cations and covalent bonding
with oxygen. Moreover, this covalent bonding may be en-
hanced by decreasing size and surface modification.19

FIG. 4. TEM images of the representativeg-Fe2O3

nanocrystals.

FIG. 5. Tanabe-Sugano diagram for high-spin Fe3+ in either oc-
tahedral or tetrahedral coordination.

FIG. 6. States of a Fe3+-Fe3+ pair assuming that the Fe3+ cations
are coupled via the Heisenberg Hamiltonian.E0 is the energy dif-
ference between the ground6A1 state and an arbitrary quartet state
of an isolated, uncoupled Fe3+ cation. The numbers next to each
level indicate the spin quantum numbersSd of the pair state.
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2. Pair excitations or double exciton processes

An additional phenomenon resulting from the magnetic
coupling of adjacent Fe3+ cations is the presence of absorp-
tion features corresponding to the simultaneous excitation of
two Fe3+ centers.18 These features occur at energies given
approximately by the sum of two single-ion Fe3+ ligand field
transitions and are often referred to as “double exciton pro-
cesses.” These transitions are also spin allowed: if both Fe3+

cations are excited to a quartet ligand field state so thatSa
=Sb=3/2, the pair states resulting from coupling the two
Fe3+ cations will haveS values of 0, 1, 2, and 3. Transitions
to these pair states can therefore occur from theS=0,1,2,
and 3 states in the Fe3+s6A1d-Fe3+s6A1d ground state mani-
fold.

3. Ligand to metal charge-transfer transitions

According to molecular orbital theory, the transitions at
energy higher than most of the ligand field transitions are the
ligand to metal charge-transfer transitionssLMCTd. Bands
above 400 nm in energy were assigned to LMCT
transitions.2 However, in real bulk ferric oxide, this charge-
transfer band tail may extend to longer wavelength region
with the assistance of magnetic coupling. The characteristics
can also be found evidence from the result of ferric oxide
nanoclusters.20

4. Band edge of ferric oxide and narrow d bands

The band edge of inorganic solid is located at the low
energy end of continuum band above the valence band. It is
difficult to determine the band edge for TMO because there
are a lot of narrowd-d bands in the gap, and even some
extend to infrared region with a definite probability. It is well
accepted that the band edge of Fe2O3 is located in the range
of 580–620 nm.2 Clearly the transitions in this energy region
include thed-d transition, pair excitation, and less charge
transfer, and the former two transitions mainly come from
the narrowd bands, so the optical properties of Fe2O3 band
edge cannot be accounted for intrinsic semiconductor. The
short photoexcited electron lifetime of Fe2O3 nanoclusters
provides evidence for the fast relaxation of neighboringd
levels.20

C. Experimental study on optical spectral
characteristics of iron oxides

The optical absorption and reflectance spectra in the range
of 250–900 nm of as-synthesizedg-Fe2O3 and a-Fe2O3
nanocrystals are shown in Figs. 7 and 8. Figures 7sad and
8sad are the absorption ones and Figs. 7sbd and 8sbd are the
reflectance ones.

From Figs. 7sad and 8sad, it is clear that four unambiguous
absorption regions appear in the absorption spectra of the
g-Fe2O3 anda-Fe2O3 nanocrystals. According to the Refs. 2
and 3, region 1s250–400 nmd mainly results from the ligand
to metal charge-transfer transitions and partly from the con-
tributions of the Fe3+ ligand field transitions6A1→4T1s4Pd at
290–310 nm, 6A1→4Es4Dd and 6A1→4T2s4Dd at
360–380 nm. Region 2s400–600 nmd is considered to be

the result of the pair excitation processes6A1+6A1
→4T1s4Gd+4T1s4Gd at 485–550 nm, possibly overlapped
the contributions of6A1→4E,4A1s4Gd ligand field transitions
at 430 nm and the charge-transfer band tail. Region 3
s600–750 nmd is assigned to the6A1→4T2s4Gd transition at
about 640 nm and region 4s750–900 nmd is the 6A1
→4T1s4Gd transition at about 900 nm. Moreover, the absorp-
tion intensity in regions 1 and 2 is far larger than that in
regions 3 and 4, which indicates that the absorption from the

FIG. 7. sad Absorption andsbd reflectance spectra of theg-
Fe2O3 nanocrystals of different sizes.

FIG. 8. sad Absorption andsbd reflectance spectra of thea-
Fe2O3 nanocrystals of different sizes.
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charge-transfer transitions or the pair excitations is far stron-
ger than that from the ligand field transitions due to the se-
lection rules.

The experimental results on the different samples have
been obtained under the same conditionssconcentration,
light, sample thicknessd, so they can be used for comparison.
By carefully analyzing these spectra, one can see that the
crystal size has little effect on the absorption bands in re-
gions 1, 3, and 4; while the band in region 2 blueshifts vis-
ibly with reducing size: for theg-Fe2O3 nanocrystals, the
absorption band shifts in wavelength from about 475 nm for
sample g-10, 504 nm for g-47 to 510 nm forg-65; for
a-Fe2O3 nanocrystals, the absorption band shifts from about
490 nm for samplea-12, 510 nm fora-23 to 517 nm for
a-48. For further verification, we compared the absorption
spectra ofa-Fe2O3 nanocrystals dispersed in SiO2 powders
in Fig. 9, the size related absorption band shiftsspectral
weightd shows up clearly except the local transitions. This
experiment coincides with the previous measurement of
quantum confinement. These results indicate that the elec-
trons in this energy range are delocalized, for which the evi-
dence can be also found from the previous work of Zouet
al.19,21 and the recent observed photovoltaic responses.
Hence, the quantum confinement takes effect in such TMO
nanocrystals.

From Fig. 9, we also observe another phenomenon, the
relative intensities of different regions change with varying
size. Why does this happen? It is due to the pair excitation is
enhanced for larger particles together with the charge-
transfer band redshift. This variation is in agreement with our
assignment of transitions in Fe2O3 nanocrystals.

The optical absorption spectrum of solid obtained by a
UV-visible spectrophotometer is the integrated optical-matter
interaction responses of all irradiated nanocrystals in all time
scales. It is supposed that the dynamic processes of the
above-mentioned transitions with varied nature be different,
however, they cannot be distinguished via the steady-state
spectra by now. Most of the theoretical models also treat the
electronic states in a phenomenological way. These blocked
the understanding of the inner nature of these electronic
states, which may be clearly revealed by the fs time-resolved

spectra. Using nanocrystals can avoid the light scattering for
further analysis. Figure 10 is the fs absorption spectra of
5 nm a-Fe2O3 organosol in toluene at varied delay times
under 400 nm pump, where curve A denotes the one mea-
sured at 220 fs ahead of the pump light excitation and curves
B, C, and D denote the ones at 0, 440, and 1760 fs after
excitation, respectively. The transient absorption signal is
rather weak, although the surfactant capping can enhance the
absorption coefficient. Prior to light excitation, the weak
sharp peaks in curve A are the linear absorption, all from the
local d-d transitions of the single Fe3+ ion in a-Fe2O3 nanoc-
rystals. Once the sample is excited by pump light, the spectra
represent the nonlinear absorption. In the range of 0–440 fs,
its positive absorptionsB curved comes from the local Fe3+

ions due to the allowed two-photon transition. Two bands
appear at 480 and 700 nm, respectively, with much larger
oscillator strength than the linear absorption, but the latter
s700 nmd shows a much shorter lifetime than 440 fs due to
the local transition nature on one Fe ion. In the scale of
440 fs to longer times, the electronic wave function of exci-
tation state in nanocrystals rapidly extends to multiatoms,
and the charge transfer and magnetic coupling interactions
occur between the Fe-O bonds and the neighboring Fe3+

ions, and thus produce the enhanced broad absorption with a
longer lifetime to nanosecondsnsd scale.14 Figure 11 gives
the transient absorption decay profiles ofa-Fe2O3 nanocrys-
tals probed at 500, 600, and 700 nm, and their dominant
lifetimes are 195, 38, and 86 fs, respectively, although there
exist some longer lifetime components. The lifetime scales
reflect the nature of varied transitions at different wave-
lengths. These results seem a little different from that by
Zhanget al.20 For our sample, the lifetimes at varied wave-
lengths are shorter than theirs on one hand; on the other
hand, our decay profiles are dependent of the probe
wavelength—the lifetime in the range of 450–550 nm is
long but those at 700 and 600 nm are short. The data did not
change with surface modification for large nanocrystals

FIG. 9. Absorption spectra of the 1.2 wt %a-Fe2O3 nanocrys-
tals of different sizes in SiO2 powders.

FIG. 10. Femtosecond time-resolved absorption spectra of the
5 nm a-Fe2O3 organosol in toluene at the representative delay
times.
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sabove 5 nmd. That is to say, the datasby our two groupsd at
about 600–700 nm reflect thed-d transition with a short
lifetime, but the data in the range of 450–550 nm are differ-
ent. Hence, the pair excitations, by contrast with the single
Fe3+ ion absorption, increase the lifetime of 480 nm band
and extend it up to 550 nm, as shown in the C and D curves.
Those bands in the red regions600–750 nmd rapidly relax,
but those in the region 450–550 nm gradually become
broader and weaker with delay time in Fig. 10. Clearly this
spectral broadening originates from the relaxation of the par-
tial electrons in Fe3+ ions to the adjacent O2− ions or neigh-
boring Fe ions, and thus the electrons with this energy be-
come delocalized and itinerant in the single nanocrystal. As
a result, the different optical responses in the different energy
and time scales,s1d from local d-d transitions to delocalized
pair excitations and charge transfer transitions
s450–550 nmd, s2d d-d transitions s550–750 nmd, can be
clearly distinguished by the transient absorption spectra.

The transient absorption spectra indicate that only the
band around 450–550 nm, from partially delocalized states,
could show quantum confinement, which was reflected by
the corresponding band in the steady-state spectra that ex-
tends continually to longer wavelength until 600 nm, similar
to the band edge of bulk. The emission measurement of 5 nm
a-Fe2O3 shows the band edge emission22 is in the range of
570–590 nm, although there exist weak emission below
600 nm in energy. From this result and the above fs measure-
ment, we realize the spectral range around 600 nm should be
a turning pointsband edged. In addition, somed-d transitions
may exhibit a finite size effect due to the magnetic correla-
tion if the direction of the electronic spins is satisfied. We
cannot see the finite size effect of magnetism in the fs range
because of the long-range magnetic correlations, which can
be detected in the ns range.14 All these dynamic results of
different electronic states and the transformation between

them provide strong bases for the miscellaneous electronic
and optical behaviors occurred in the iron oxide nanocrys-
tals.

Then let us go back to the steady-state spectra. From Figs.
7sad and 8sad, it also can be seen that the absorption coeffi-
cients as a whole increase with decreasing size, which comes
from the specific size effect. The smaller the crystal, the
bigger the specific transmission depth and thus the more the
incident light absorbed by the nanocrystals is. However, for
the g-Fe2O3 nanocrystals, in the range of 450–710 nm, the
absorption intensity of the sampleg-47 is on the contrary
smaller than that of theg-65, which is possibly relevant to
the band edge redshift in the region 2 for theg-65 relative to
the g-47. In region 4, the absorption coefficients of the
samplesg-10 andg-65 almost do not change, but that of the
g-47 increases gradually with wavelength, which means the
absorption band at about 900 nm will appear in this sample.
For thea-Fe2O3 nanocrystals, a distinct absorption band at
about 860 nm appears in all the three spectra. When the
wavelength is longer than 800 nm, the absorptions of the
samplesa-23 anda-48 are, on the contrary, stronger than
that of thea-12.

The change of the absorption coefficient with the crystal
size in region 4 is an abnormal phenomenon. This abnormal
absorption can be more clearly shown in the reflectance
spectra of Figs. 7sbd and 8sbd, and probably originates from a
so-called finite size effect—i.e., the specific physical param-
eter, the absorption coefficient, reaches its maximum at a
certain critical size. Forg-Fe2O3, the size may be ascribed to
magnetic single domain. Its critical size at about 47 nm is
close to 50 nm that is obtained from the magnetic measure-
ment of isostructural Fe3O4 nanocrystals,23 in which the
magnetic performance reduces when the crystal size be-
comes larger or smaller than the critical single-domain size.
But for thea-Fe2O3, the critical size is only about 23 nm and
may analogously come from the composite result of the in-
traparticle exchange interactions and magnetic anisotropy
scant magnetismd.24

The absorption spectra of theg-Fe2O3 and a-Fe2O3
nanocrystals with the approximately same size are shown in
Fig. 12. For comparison, the spectra of as synthesized Fe3O4
samples with the smallest and the biggest size are also given.
Light in the range of 250–900 nm can be strongly absorbed
by Fe3O4 nanocrystals, which makes it difficult to resolve the
different transitions in the spectra, but the absorption coeffi-
cient versus the crystal size still resembles that of the other
two iron oxides and the abnormal absorption variation with
size also occurs in the long wavelength region.

By comparing the absorption spectra of theg-47 and the
a-48, one can see thats1d for the absorption intensities at
short wavelength region—mostly by the charge-transfer tran-
sition, the former is stronger than the latter. This accords
with the conclusion that the charge-transfer contribution to
g-Fe2O3 is larger than that toa-Fe2O3;

3 s2d The light absorb-
ing ability of a-Fe2O3 in long wavelength region is far stron-
ger than that ofg-Fe2O3; s3d The band ofg-Fe2O3 in region
2 blueshifts relative to that of thea-Fe2O3; s4d The band of
a-Fe2O3 in region 3 s600–750 nmd obviously broadens as
compared with that of theg-Fe2O3.

We first discuss the difference in crystal structure between
a-Fe2O3 and g-Fe2O3 in relation to their optical properties.

FIG. 11. Transient absorption decay profile probed atsad 500,
sbd 600, andscd 700 nm for the 5 nma-Fe2O3 organosol.
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a-Fe2O3 is a uniaxial hexagonal crystalsspace group:R3̄Cd
with electronic anisotropy and has a corundum structure with
distorted FeO6 octahedra. The octahedra is connected to the
nearest neighboring ones via face-sharing bonds in addition
to corner and edge-sharing ones.4 While, g-Fe2O3 is a cubic
crystalsspace group:P4132d and has a cation-deficient spinel
sFe3+dfh1/3Fe3+

5/3g structure. Here, the parenthesis denotes A
site and square bracket denotes B site. In a spinel, the cations
in A and B sites have tetrahedral FeO4 and octahedral FeO6
coordination with oxygen, respectively, and in the former a
central Fe atom is surrounded by the corner-sharing oxygens
only and the latter contains both corner and edge-sharing
oxygenssFig. 13d.

The face-sharing FeO6 octahedra ina-Fe2O3 results in a
trigonal distortion of the FeO6 coordination polyhedra, which
produces stronger antiferromagnetic coupling between the
neighboring Fe ions than that ing-Fe2O3 ssee Ref. 5d on one
hand; on the other hand, the symmetry ofa-Fe2O3 is lowered
and then gives rise to more relaxed Laporte-forbidden tran-
sitions than ing-Fe2O3. Moreover, there is no defect FeO6
octahedral sites ina-Fe2O3 as compared with one-sixth FeO6
defect sites ing-Fe2O3. Just the above two reasons, espe-

cially the first one leads to a larger transition probability of
the spin-allowed single-ion excitation and simultaneous
double-ion excitationsoften referred as pair excitations or
double exciton processesd of two Fe3+ centers fora-Fe2O3
than g-Fe2O3. In region 2, the double exciton processes
f6A1+6A1→4T1s4Gd+4T1s4Gd at 485–550 nmg prevail over
the single exciton onesf6A1+6A1→4E,4A1s4Gd+6A1 “exci-
ton + magnon” transition at 430 nmg and the charge-transfer
band tail in the case of the face-sharinga-Fe2O3, and quite
the reverse in the case ofg-Fe2O3. Thus, that the absorption
band ofg-Fe2O3 in this region blueshifts relative to that of
a-Fe2O3 can be easily understood.

In the long wavelength region, just the spin-allowed
single-ion excitations and relaxed Laporte-forbidden transi-
tions of the Fe3+ ligand field transitions with higher transition
probability produce far stronger absorption for thea-Fe2O3
than theg-Fe2O3. This agrees well with the reported third-
order nonlinear optical susceptibilityxs3d values of 5.8
310−11 for a-Fe2O3 larger than 2.1310−11 for g-Fe2O3 ssee
Ref. 3d because the nonlinear optical susceptibility to a large
extent reflects the nonlinear optical absorption. The spin
canting effect on the surface of the antiferromagnetica-
Fe2O3 nanocrystals induces the weak ferromagnetic interac-
tion between interstitial Fe3+ ions,25,26 which is expressed in
energy diagram that the distribution of the energy difference
DE between the ground6A1 state and the excited states
4T2s4Gd becomes wide, hence the band of thea-Fe2O3 in
region 3 s600–750 nmd broadens as compared with that of
the g-Fe2O3.

The Fe3O4 nanocrystals show strong and no structured
absorption in the UV-visible range. The intervalence charge
transfer sIVCTd is important, almost covering the whole
spectral region,27 although all above-mentioned transitions in
Fe2O3 exist in Fe3O4. The magneto-opticalsMOd measure-
ments can be used to distinguish the different transitions in
Fe3O4.

28,29 Fontijn et al.28 reported the 0.5–4.0 eV MO re-
sponse and obtained the imaginary part of the off-diagonal
element of the dielectric tensor of Fe3O4, which can be re-
lated to the magnetic absorption. Their profiles also can be
separated into four regions:s1d 4–2.75 eV, IVCT + charge
transfer between Fe3+ and O; s2d 2.75–2 eV, IVCT + pair
excitations;s3d 2–1.3 eV, singled-d transition of Fe3+ +
IVCT; s4d below 1.3 eV, singled-d transition of Fe2+

+IVCT. Such assignment agrees well with the defining of
our experimental data. As to the size-dependent transition
variation, Barnakovet al.29 reported the spectral shift of Far-
aday rotation of different sized Fe3O4 nanocrystals. Although
their absorption spectra of Fe3O4 polymer is similar to that of
g-Fe2O3 sthere may contain someg-Fe2O3d, the size-
dependent shifts of negative band center of Faraday rotation
spectra were clearly observed from wavelength of 620 nm
for 200 nm particles to 440 nm for 8 nm particles. The par-
ticle aggregation of 8 nm particles also produce similar shift
of the delocalized band in this region.29 This spectral range is
related to region 2 in our assignement, magnetic pairing ex-
citation plus some charge-transfer component, in our Fe2O3
systems. This also proved the delocalization of magnetic ex-
citons in this range.

In our work,a-Fe2O3 nanocrystals obtained by the oxida-
tion of Fe3O4 at high temperature are also investigated, and

FIG. 12. Absorption spectra of the Fe3O4, g-Fe2O3, and a-
Fe2O3 nanocrystals.

FIG. 13. Linkage mode of oxygen polyhedra insad Corundum
type a-Fe2O3 and sbd Spinel typeg-Fe2O3.
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the results show that the optical variation tendency is the
same as that of the directly synthesized ones. This indicates
that, for the iron oxide with the same structure, the optical
transition is insensitive to the synthesis route and thus em-
bodies their intrinsic feature in some sense.

IV. SUMMARY

The Fe3O4, g-Fe2O3, anda-Fe2O3 pure nanocrystals have
been successfully synthesized by the chemical method. The
optical spectra in the range of 250–900 nm were carefully
investigated. There were not only some similarities but also
discrepancies in the whole spectra of various iron oxide
nanocrystals. Three types of electronic transitions can be dis-
tinguished in theg-Fe2O3 anda-Fe2O3 nanosystems. Fe3O4
nanocrystals have strong absorption with no structure in the
visible region, and thus it is difficult to resolve its different
transitions, however, its magneto-optical responses can re-
flect the above-mentioned three transitions besides IVCT.
The steady spectroscopic results can be well found indication
from the fs absorption spectra and lifetime profiles ofa-
Fe2O3 nanocrystals. Although bulk iron oxides were conven-

tionally considered as a system with strong local electron
correlation, quantum size effect as well as finite size effect
took place in these as-prepared nanocrystals with varying
size. That the magnetic coupling between the neighboring
Fe3+ ions and the transfer of the partial electrons in Fe3+ ions
to the adjacent O2− ions shows that the electrons in iron
oxides are delocalized, which causes a blueshift in the band
of 400–600 nm with reducing size. In addition, the relative
change of the absorption intensity in the range of
750–900 nm with the crystal size is in good agreement with
the size-related magnetic response of iron oxide nanocrys-
tals, i.e., so called finite size effect. The spectroscopic dis-
crepancy between the same sizedg-Fe2O3 anda-Fe2O3 was
analyzed from their structure difference. These results are
important to understand the electronic structure and
magneto-optical properties of iron oxides.
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