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Correlation between structure and intervalence charge-transfer transitions in nanocrystalline
CoFe2ÀxM xO4 „MÄMn,Al,Sc… thin films
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The structures, magnetisms, and magneto-optical~MO! Kerr spectra of nanocrystalline CoFe22xMxO4 (M
5Mn,Al,Sc) thin films have been systematically investigated by means of x-ray diffraction, atomic force
microscopy, alternating gradient magnetometer, and MO Kerr spectrometer. The results revealed that the
intervalence charge transfer~IVCT! transition of@Co21#t2g→O22→@Fe31#t2g in those nanocrystalline films
had a strong correlation to the structures created by doping with those trivalent metal ions, within the misci-
bility range of spinel structure. Doping with Al31 and Sc31 ions led to the increase and decrease of the energy
of the IVCT transition, respectively. On the other hand, doping with Mn31 has weak effect on the energy. The
molecular orbital theory of IVCT transitions was employed to account for the dependence of the transition
energy on the structures. It is concluded that the position of the Kerr rotation peak of the IVCT transition can
be adjusted by doping with different trivalent cations and controlling the doping content due to doping induced
structural changes.
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I. INTRODUCTION

Spinel ferrites have a general formula of Me21Fe2
31O4

(Me215Fe21, Co21, Ni21, etc.!. In the cubic spinel type
structure,1,2 O22 ions form the close-packed face-centere
cubic ~fcc! lattice. In this lattice, only two types of catio
sites named tetrahedral (A site! and octahedral (B sites! ex-
ist, and the cation distribution formula is commonly e
pressed as (A)@B#2O4 , where the parentheses and squ
brackets denoteA sites andB sites, respectively. Due to th
existence of confused interpretations of the relationship
tween the electronic structure and magneto-optical~MO!
properties,d-d charge-transfer transitions, and MO spec
of spinel ferrites have been attracting considerable intere
the past 20 years.3,4 The MO properties of a number of spin
ferrites were investigated by Fontijin and co-workers.5–8

Two types of interactions, i.e., the crystal field~CF! transi-
tion and charge-transfer transitions including the intervale
charge-transfer~IVCT! transition and intersublattice charg
transfer ~ISCT! transition, have been identified in the M
spectra.5–11 It was proved that the IVCT transition is one o
the major interactions governing the MO properties.

The IVCT transition is a process in which an electr
from a cation is transferred to a neighboring cation throu
optical excitation.12 Typically in Fe3O4,13–15 the 3d-3d
IVCT transition takes places between Fe21 and Fe31 ions
both in B sites, and can be mediated by O22 ions; thus it is
expressed as@Fe21#-O22-@Fe31#↔@Fe31#-O22-@Fe21#. In
such an IVCT transition, Fontijin and co-workers sugges
that the electrostatic polarization of O22 ions plays a signifi-
cant role in determining the energy of this transition.5–7

Cobalt ferrite CoFe2O4 has drawn much attention for it
0163-1829/2003/68~2!/024426~8!/$20.00 68 0244
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strong MO effect in the visible range.16,17 The polar MO
Kerr spectra of CoFe2O4 film deposited by spray pyrolysis
on fused silicon substrates had been reported by Martens
co-workers.18–21 There were two Kerr rotation peaks at 2
and 2.2 eV for Co ferrite thin films in the visible rang
~1.55–3.1 eV!. The rotation peak at 2.2 eV was assigned
an IVCT transition from@Co21# to @Fe31# at B sites, illus-
trated as@Co21#t2g→O22→@Fe31#t2g . The rotation peak at
2.0 eV was ascribed to the CF transition of (Co21) atA sites,
expressed as4A2(4F)→4T1(4P).22 However, the relation-
ship between the structures and IVCT transitions in Co f
rite thin film is still a subject of debate.

More recently, we used Mn31 ions (r VI50.0645 nm with
high spin state23! as the dopant to substitute Fe31 ions (r VI

50.0645 nm with high spin state23! in nanocrystalline
CoFe2O4 thin films.24,25 It was demonstrated that doping o
Mn31 ions could effectively lower theTC of Co ferrite, and
considerable improvement of the MO effect has be
achieved through a cubic-to-tetragonal phase transition
the generation of a new Kerr rotation at 1.9 eV. To furth
understand the doping effect on MO properties and the n
active MO Kerr rotation in CoFe22xMnxO4 films, trivalent
metal ions with altered radius such as Al31 @r VI
50.0535 nm ~Ref. 23!# and Sc31 @r VI50.0745 nm ~Ref.
23!# ions, which have no unpaired ord electrons in their
electronic configurations, were doped into CoFe2O4 films.
The objective of this study is to systematically investiga
the correlation between the structures and IVCT transiti
in nanocrystalline CoFe22xMxO4 (M5Mn,Al,Sc) thin films.
We found that the energy of IVCT transitions was high
correlative with the structures of those spinel ferrites. F
further understanding the doping effects on the structu
©2003 The American Physical Society26-1
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four typical compositions of powder samples were prepar
and the structural information was extracted by Rietveld
finement. Based on these studies, molecular orbital the
was used to explain the correlation between the struct
and IVCT transition in the as-deposited films. From the e
perimental results we conclude that the position of the K
rotation peak can be adjusted by doping various trival
cations and controlling the doping contentx due to doping
induced structural changes.

II. EXPERIMENT

Nanocrystalline CoFe22xMnxO4 (x50 – 1.0),
CoFe22xAl xO4 (x50 – 1.0), and CoFe22xScxO4 (x
50 – 0.4) thin films were prepared by a modified Pechin
type sol-gel method.26–28Appropriate portions of Fe(NO3)3
@analytical reagent~AR!#, Co(NO3)2 ~AR!, and Mn(NO3)2

@Al(NO3)3 or Sc(NO3)3] ~AR! were dissolved in a water
alcohol solution~1/8 in v/v!. Then, quantitative amount o
citric acid ~AR! and poly-~ethylene glycol! ~PEG, molecular
weight;20 000, chemically pure! were also dissolved in the
above solution. Upon stirring for 2 h, a homogeneous po
meric precursor solution was obtained. This precursor s
tion was spin-coated onto the monocrystalline silicon~100!
substrate at a speed of about 4000 rpm for 8 s. The solv
and organics in the coatings can be removed by drying in
electric oven at 100– 110 °C and subsequently preanne
in a tubular furnace at 400 °C under an oxygen-flowing
mosphere. The resulted precursor films after 10 coa
cycles were finally annealed at 700 °C for 1 h, and
CoFe22xMxO4 films were thus obtained. The film thicknes
is determined by scanning electron microscopy~SEM,
Amary-1910, USA!.

For the preparation of amorphous powders, the above
cursor solutions were dried in an electric oven and then p
annealed in the tubular furnace at 400 °C under an oxy
atmosphere. Finally, the as-derived powders were anne
in a muffle furnace at 1200 °C for 12 h in still air. An induc
tively coupled plasma~ICP! atomic emission spectroscop
~AES! analysis reported the same stoichiometry for the e
ments of Co, Fe, Mn, Al, and Sc in all the powder samples
expected.

The crystal structures of the films were characterized
x-ray diffraction ~XRD! (Dmax22000, Rigaku, Japan! from
15° to 65° with a 2u speed of4°/min, and the XRD data o
powder samples for Rietveld refinement were collected fr
15° to 135° with a 2u speed of1°/min by another diffracto-
meter (Dmax22500, Rigaku, Japan!, using CuKa radiation
(l51.5418 Å). The surface morphologies of the nanocr
talline films were observed by atomic force microsco
~AFM, AutoProbe CP, PSI, USA! with a 5 mm scanner. The
magnetic measurement of the samples was performed o
alternating gradient magnetometer~AGM, MicroMag™
2900, USA! at room temperature. The hysteresis loops w
recorded in fields up to 15 kOe for all samples. The exter
fields were applied parallel to the film plane in the magne
measurements. The magnetization values presented in
paper are in conventional cgs electromagnetic units~emu!,
02442
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and the antimagnetic contribution from silicon substrates w
taken out.

The polar Kerr spectra were recorded by the MO K
spectrometer setup by us, under an applied field of 10 k
perpendicular to the film plane at room temperature. A 1
W Xe short-arc lamp was used as a continuum light sourc
cover the 1.55–3.1 eV visible spectral range. The Kerr ro
tion uK was taken asuK5 1

2 @uK(M )2uK(2M )#, whereM
is the magnetization, in order to eliminate the contribution
MO rotation from nonmagnetic substrates.

III. RESULTS

A. Structures

With the modified Pechinii-type sol-gel method, nan
crystalline CoFe22xMxO4 (M5Mn,Al,Sc) thin films were
easily prepared after annealed at 700 °C for 1 h. Figur
typically shows the three-dimensional~3D! images of
CoFeMnO4 and CoFe1.6Al0.4O4 films as probed by AFM.
These films are distinctly composed of ultrafine grains in
average grain size of 50 and 25 nm~in diameter!, respec-
tively. Due to that the root mean square roughness of
sol-gel-derived films measured by AFM is only 3–5 nm, t
nanograins showed a narrow size distribution.

Figure 2 representatively exhibits the XRD patter
of CoFe2O4, CoFe1.6Mn0.4O4 , CoFe1.6Al0.4O4 , and
CoFe1.8Sc0.2O4 films. All reflections of the film samples cor
respond to a spinel structure, and no extra peaks attribute
other phases were observed, indicating that Mn31, Al31, or
Sc31, ions can be thoroughly doped into the spinel lattice
the present work. According to the Bragg equation, latt
constanta values of the samples were calculated by a lea
squares method.29,30 Figure 3 depicts the calculated lattic
constants of the CoFe22xMxO4 (M5Mn,Al,Sc) films as a

FIG. 1. 3D AFM micrographs of nanocrystalline~a! CoFeMnO4

and ~b! CoFe1.6Al0.4O4 thin films annealed at 700 °C for 1 h.
6-2
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CORRELATION BETWEEN STRUCTURE AND . . . PHYSICAL REVIEW B68, 024426 ~2003!
function of the doping contentx. Due to the fact that the ion
radius of Mn31 is compatible to that of Fe31, the substitu-
tion of Fe31 with Mn31 ion led to no obvious changes ina.
However, a notable increase and decrease ina were observed
for the substitution of Fe31 with Sc31 and Al31 ions, respec-
tively. From Fig. 3, it can be also found thata changed
monotonically withx for Sc31- or Al31-doped films.

The mean grain sizeD ~in diameter! was calculated by
the Sherrer equation,31 D5Kl/(b cosu), whereK is a di-
mensionless constant (K50.9, usually!, 2u is the diffraction

FIG. 2. XRD patterns of the as-deposited CoFe2O4 ,
CoFe1.6Mn0.4O4 , and CoFe1.6Al0.4O4 films annealed at 700 °C fo
1 h.

FIG. 3. Plot of the lattice constanta as a function of the doping
content x with the error bar for CoFe22xMxO4 (M5Mn,Al,Sc)
films annealed at 700 °C for 1 h. The straight line indicatesa of
pure CoFe2O4 film.
02442
angle,l is the wavelength of the x-ray radiation, andb is the
full width at half maximum of the diffraction peak calibrate
from high purity silicon~in radians!. Figure 4 shows the plo
of the mean grain size of the as-deposited films as a func
of the doping contentx. The grain size was observed t
decrease withx when doping with Al31 or Sc31 ions, which
was also confirmed by the AFM analysis. Perhaps it is
cause of the structural mismatch, arising from the large d
crepancy in the ion radii of Al31 and Sc31 compared with
that of Fe31, that doping of Al31 or Sc31 ions could sup-
press the nuclei formation during the film growth. Howev
the grain size was almost kept unchanged in the Mn31-doped
films, owing to the finding that the substitution of Fe31 with
Mn31 ions could not induce any structural mismatch f
their compatible ion radii.

B. Magnetic behaviors

In a normal-type spinel ferrite, the divalent cations loca
at A sites. However, CoFe2O4 is regarded as an inverse-typ
spinel with a cubic structure and has a cation distribution
(Fe31)A@Co21Fe31#BO4.32 Nevertheless, small CoFe2O4
particles may have a nonequilibrium cation distribution w
someA sites occupied by Co21 ions.33,34 In most cases, the
properties of spinel ferrites are highly correlative with such
cation distribution, especially for the magnetism.

In general, spinel structure ferrites behave as ferrim
nets, as a result of the magnetizations of them@M (x)#,
which are the net moments ofA andB sites (MA andMB),
and given byM (x)5MB(x)2MA(x). Due to the fact that
the metal ions of Co21, Mn31, Al31, and Sc31 ions have a
stronger capability to occupy theB sites than Fe31 ions,35,36

the structural formula of CoFe22xMxO4 (M5Mn,Al,Sc)
may be written as (Fe)@CoFe12xMx#O4 (0,x,1). Figure 5
gives the measured values of the saturation magnetiza
(MS) as a function of x for CoFe22xMxO4 (M

FIG. 4. Plot of the mean grain size as a function of the dop
content x with the error bar for CoFe22xMxO4 (M5Mn,Al,Sc)
films annealed at 700 °C for 1 h. The straight line indicates m
grain size of pure CoFe2O4 film.
6-3
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ZHOU, ZHANG, YU, LIAO, YAN, CHEN, AND WANG PHYSICAL REVIEW B 68, 024426 ~2003!
5Mn,Al,Sc) thin films. It can be found that allMS of the
doped sample decreases linearly with increasingx. Because
the experimental moment of Mn31 (4.9mB) is slightly
smaller than that of Fe31 (5.9mB), only a slight decrease in
MS with increasing doping contentx was observed. How-
ever, the notable decrease inMS is observed for both
CoFe22xAl xO4 and CoFe22xScxO4 films because Al31 and
Sc31 are nonmagnetic ions.

The large coercive force (HC) of Co ferrite predominantly
arises from the single-ion anisotropy of Co21 ions on theB
sites.32 Figure 6 displays the variation ofHC with x for
CoFe22xMxO4 (M5Mn,Al,Sc) thin films. It is noted that
HC of all the doped samples decreases with increasingx. It is
considered that the content decrease of Co21 ions at theB
sites resulted in the decrease ofHC. However, HC of

FIG. 5. Measured and calculated values of magnetization (MS)
as a function of doping contentx for CoFe22xMxO4 (M
5Mn,Al,Sc) films annealed at 700 °C for 1 h.

FIG. 6. Variation of the coercive force (HC) with the doping
content x for CoFe22xMxO4 (M5Mn,Al,Sc) films annealed a
700 °C for 1 h.
02442
CoFe22xAl xO4 and CoFe22xScxO4 decreases more quickl
than that of CoFe22xMnxO4, which is possibly correlated
with the migration of more Co21 ions fromB to A sites by
doping with Al31 and Sc31 ions than that by doping with
Mn31 ions. Furthermore, the reduced grain size also brou
about the decrease ofHC, which in turn could causeHC of
CoFe22xMnxO4 to be larger than that of CoFe22xAl xO4 and
CoFe22xScxO4 for a given doping content.

C. Magneto-optical properties

Since a slight difference in the thickness of spinel ferri
deposited on Si substrate would induce drastic changes in
Kerr spectra,37 in the present work, all the films for MO
measurements were controlled to have the same thickne
20063 nm ~determined by SEM! for convenience in com-
paring the experimental results. Hereafter, we will focus
the Kerr spectra of the as-deposited films, based on the
sumption that they have similar optical components.

The polar Kerr spectra of CoFe22xMxO4 films are pre-
sented in Figs. 7–9. These spectra were similarly obser
by Martenset al. for the CoFe2O4 film deposited on monoc-
rystalline silicon,18,19 but were quite different from the pola
Kerr spectrum of the single crystal of CoFe2O4 and Faraday
spectra of CoFe2O4 films on transparent substrates.37 From
Figs. 7–9, we can find that there are two Kerr rotation pe
at 2.0 and 2.25 eV for the pure Co ferrite. Perhaps due to
systemic error coming out from the different MO Kerr spe
trometer, our results showed a slight difference in the ene
of the transitions from that obtained by Kimet al. ~2.0 and
2.2 eV!.22

From Figure 7, it is noted that doping of Mn31 led to the
decline, even the disappearance of the Kerr rotation at 2
eV ascribed to the IVCT transition, while a new peak at 1
eV appeared. The Kerr rotation peak at 1.9 eV increased w
the doping contentx, whereas that at 2.25 eV decreased w
increasingx. Normally, Mn31 ion preferably occupiesB

FIG. 7. Wavelength dependence of polar Kerr rotations
CoFe22xMnxO4 (x50 – 1.0) films annealed at 700 °C for 1 h.
6-4
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CORRELATION BETWEEN STRUCTURE AND . . . PHYSICAL REVIEW B68, 024426 ~2003!
sites in replacement of most Fe31 ions and makes a few
Co21 ions migrate fromB to A sites. The decrease of th
peak at 2.25 eV distinctly is a result of the decrease in oc
pancy rate of both Co21 and Fe31 ions atB sites. Whenx is
higher than 1.0, this peak disappeared because Fe31 ions at
B sites were wholly substituted by Mn31 ions.

From Figure 8, we can see that, for CoFe22xAl xO4 films,
the rotation peak at 2.25 eV assigned to the IVCT transit
decreased with increasing Al content, and the peak
slowly blueshifted with the increase inx. Generally, Al31

ions predominately occupyB sites.36 However, Al31 ions
can partially occupyA sites in the case of nanocrystallin
films; thus the content decrease of both Co21 and Fe31 ions
at B sites would reduce the Kerr rotation associated with

FIG. 8. Wavelength dependence of polar Kerr rotations
CoFe22xAl xO4 (x50 – 0.8) films annealed at 700 °C for 1 h.

FIG. 9. Wavelength dependence of polar Kerr rotations
CoFe22xScxO4 (x50 – 0.4) films annealed at 700 °C for 1 h.
02442
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IVCT transition. Whenx is higher than 0.8, the Kerr rotatio
peak almost disappeared with Al31 substitution.

Opposite to the Al-doped films, the presence of Sc31 ions
caused the increase of the rotation peak at 2.25 eV assig
to the IVCT transition withx in Fig. 9. In addition, this peak
was slowly redshifted with the increase inx. Sc31 ions could
only occupyB sites because of their large ion radius a
hence caused the decreased content of both Co21 and Fe31

ions atB sites. In contrast, the Kerr rotation increased w

r

r

FIG. 10. Experimental~solid lines! and calculated by Rietveld
refinement ~crosses! XRD patterns for pure CoFe2O4 and
CoFe1.8M0.2O4 (M5Mn,Al,Sc) powder annealed at 1200 °C for 1
h. Differences between the experimental and calculated intensity
shown in the bottom, and the small bars indicate the angular p
tions of the allowed Bragg reflection.
6-5



RD

ZHOU, ZHANG, YU, LIAO, YAN, CHEN, AND WANG PHYSICAL REVIEW B 68, 024426 ~2003!
TABLE I. Structural parameters, patternR factor (RP), weighted patternR factor (RWP), A-O (dA-O)
and B-O (dB-O) bond lengths,B-B distance (dB-B), and B-O-B bond angle ~u! of CoFe2O4 and
CoFe1.8M0.2O4 (M5Mn,Al,Sc) powder samples, which were deduced from the Rietveld refinement of X
data.

Sample CoFe2O4 CoFe1.8Al0.2O4 CoFe1.8Mn0.2O4 CoFe1.8Sc0.2O4

a ~nm! 0.83989~2! 0.83720~2! 0.84014~2! 0.84295~3!

dA-O ~nm! 0.1916~1! 0.1920~1! 0.1913~1! 0.1905~1!

dB-O ~nm! 0.2045~1! 0.2033~1! 0.2047~1! 0.2062~1!

R(dA-O /dB-O) 0.937 0.944 0.935 0.924
dB-B ~nm! 0.2969~1! 0.2960~1! 0.2970~1! 0.2980~1!

uB-O-B ~deg! 93.10~2! 93.43~2! 93.00~2! 92.53~2!

RP ~%! 7.44 7.41 7.89 9.47
RWP ~%! 10.71 10.50 10.96 13.42
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x, indicating that doping with Sc31 would enhance the Ker
rotation of CoFe2O4.

Since the ion radius of Mn31 is compatible to that of
Fe31, the Kerr rotation peak at 2.25 eV associated with
IVCT transition displayed only slight shifting. The new Ke
rotation peak at 1.9 eV in these films was indeed induced
the doping of Mn31 ions for it increases with Mn31 content
x, but did not originate from the substitution effects on t
structures. Due to the fact that CF transitions atB sites are
spin-forbidden, the new Kerr rotation is likely ascribable
the IVCT transition from@Co21# to @Mn31# at theB sites.
Because the electron acceptability of Mn31 is stronger than
that of Fe31, the energy of the IVCT transition from@Co21#
to @Mn31# is lower than that to@Fe31#. Therefore, the new
Kerr rotation peak exhibited a redshift and increased withx.

IV. DISCUSSION

In order to estimate the doping effect on the structures
detail, we used the Rietveld refinement to extract the str
tural information from the XRD patterns of four typical pow
der samples of CoFe2O4 and CoFe1.8M0.2O4 (M
5Mn,Al,Sc) by the software of General Structure Analys
System~GSAS!.38 The calculated results were displayed
Figure 10. And the detailed structure information, such as
lattice constant, bond length and bond angle, is summar
in Table I.a values of CoFe1.8M0.2O4 are 0.83989, 0.83720
0.84014, and 0.84295 nm forM5Fe, Al, Mn, and Sc, re-
spectively. If compared with the data shown in Fig. 3, t
lattice constants of the powder samples are distinctly w
consistent with the trend of that of the film samples aga
the variety ofM31 ions.

In general, spinel ferrite structure has 8 formula units~56
atoms! in a primitive cell. The space group isOh

7 Fd-3m
~no. 227!. In a standard spinel type lattice without any d
tortion, the fractional coordinates ofA site,B site, and O22

ion are ~1/8, 1/8, 1/8!, ~1/2, 1/2, 1/2!, and ~1/4, 1/4, 1/4!,
respectively. Therefore, the ratio (R) of the distance ofA-O
(dA-O5a)/8) to that ofB-O (dB-O5a/4) is 0.866. From
Table I, it was observed thatdB-O also follows the trend ofa
against the dopant variety. ThedB-O values of CoFe1.8M0.2O4
are 0.2045, 0.2033, 0.2047, and 0.2062 nm forM5Fe, Al,
02442
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Mn, and Sc, respectively. However,dA-O displayed a con-
trary trend to that ofa and dB-O . The dA-O values of
CoFe1.8M0.2O4 are 0.1916, 0.1920, 0.1913 and 0.1905 n
for M5Fe, Al, Mn, and Sc, respectively. In addition,R val-
ues of all samples are larger than 0.866, andR will gradually
decrease to 0.866 with increasinga. Correspondingly, the
bond angles ofB-O-B of all samples are larger than 90°
and also decrease to 90° when doping with Sc31 ions. As we
know, everyB site is coordinated by six O22 ions, and every
O22 ion is coordinated only by threeB sites. Therefore, all
the bond angles ofB-O-B are larger than 90° owing to th
spatial repellence originating from the unsymmetrical co
dination environment of O22 ions, which result in the lattice
distortion.

Furthermore, to elucidate the correlation between str
tures and d-d IVCT transitions in the nanocrystalline
CoFe22xMxO4 (M5Mn,Al,Sc) thin films, the doping effects
on the MO spectra were examined. Also from Figs. 8 and
we can clearly observe that doping with various trivale
metal ions exerted a strong influence on the position of K

FIG. 11. Dependence of the energy of the IVCT transiti
(@Co21#→@Fe31#) upon the doping contentx for CoFe22xAl xO4

(x50 – 0.8) and CoFe22xScxO4 (x50 – 0.4) films annealed a
700 °C for 1 h.
6-6
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CORRELATION BETWEEN STRUCTURE AND . . . PHYSICAL REVIEW B68, 024426 ~2003!
rotation peak attributed to the IVCT transition o
@Co21#t2g→O22→@Fe31#t2g . Figure 11 shows the depen
dence of the energy of the IVCT transition upon the dop
contentx for CoFe22xAl xO4 (x50 – 0.8) and CoFe22xScxO4
(x50 – 0.4) films. It is obvious that the energy of the IVC
transition increased withx in CoFe22xAl xO4 films. The ex-
ception atx50.2 is related to the perturbation of the spin
structure.5,6 However, the energy of the IVCT transition de
creased with increasingx in CoFe22xScxO4 films. Therefore,
we could conclude that doping with relatively small io
such as Al31 ions would result in increasing the energy
the IVCT transition of @Co21#t2g→O22→@Fe31#t2g in
CoFe2O4, and doping with relatively large ions such as Sc31

ion would result in decreasing the energy of the IVCT tra
sition.

By considering the results of the Rietveld refinement,
molecular orbital theory of IVCT transitions was introduc
to interpret the above correlation between structures andd-d
IVCT transitions. According to this theory,14,1510 3d orbitals
of Co21 and Fe31 at B sites form 10 molecular orbitals
which aret2g (16a1 , 10b1 , 6a2 , 7a2 , 11b1 , 17a1) andeg
(18a1 , 12b2 , 19a1 , 13b2) in a sequence showing increasin
energy. The 12 3d electrons~7 from Co21 and 5 from Fe31)
occupy 10a spin and 2b spin (16a1 and 10b1) orbitals in
the high-spin crystal field. Since the energy of the 3d orbital
of Fe31 ion is higher than that of Co21 ion, the bonding
orbitals of 16a1 , 10b1 and 6a2 are mainly composed o
(3d)t2g of Co21, and the antibonding orbitals of 7a2 , 11b1
and 17a1 are mainly composed of (3d)t2g of Fe31. The Kerr
rotation peak at 2.25 eV is the electronic transition form
molecular orbital 16a1 ~s bonding! to 17a1 ~s antibonding!,
which is the so-called IVCT transition of@Co21#t2g→O22

→@Fe31#t2g . The energy gap between 16a1 and 17a1 is also
the energy of the IVCT transition.

It is well known that the energy gap between bonding a
antibonding is closely related to the distance between
bonding atoms.39 Decreasing the distance between bond
atoms will decrease the energy of the bonding orbital a
increase the energy of the antibonding orbital and thus
crease the energy of electron transition from the bonding
antibonding orbital. On the other hand, increasing the d
tance between bonding atoms will decrease the energy
and the energy of bonding and antibonding orbital will
equal when the distance between two bonding atoms is
nite. Thinking about the IVCT transition of@Co21#t2g
→O22→@Fe31#t2g in CoFe2O4 and CoFe22xMxO4 (M
5Mn,Al,Sc) thin films, the distance between Co21 and Fe31

ions~see the typicaldB-B values in Table I! will be decreased
when doping with a relatively small ion such as the Al31 ion,
as is also confirmed by the Rietveld refinement. Therefo
the energy of the IVCT transition from 16a1 to 17a1 will be
increased. On the other hand, the energy of the IVCT tra

*Author to whom correspondence should be addressed. Emai
dress: chyan@chem.pku.edu.cn

1J. Smit and H. P. J. Wijn,Ferrites ~Philips Technical Library,
Eindhoven, 1959!.
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tion would be reduced when doped with relatively large io
such as Sc31 ions due to the increased distance betwe
Co21 and Fe31 ions at B sites. To sum up, doping with
various trivalent metal ions can strongly affect the energy
the IVCT transition due to doping-induced structur
changes, and hence adjust the position of Kerr rotation p
of CoFe2O4.

V. CONCLUSION

By a modified Pechinii-type sol-gel method, we have fa
ricated nanocrystalline CoFe22xMxO4 (M5Mn,Al,Sc) thin
films with well-crystallized spinel structure, and systema
cally investigated the correlation between structures
IVCT transitions. Structural studies revealed that doping
Mn31 ions had a weak effect on both of the lattice and t
nanocrystalline crystallization. However, doping of Al31

ions resulted in a decrease in the lattice constanta, while the
doping of Sc31 ions brought about the increase ina. The
doping of either Al31 or Sc31 ions could suppress the crys
tallization. Since Co21 ions migrated fromB to A sites due
to the substitution of Fe31 with M31, MS andHC of all the
samples decreased with increasing doping contentx.

MO investigations strongly suggested that doping w
various trivalent metal ions could heavily affect the positi
of the Kerr rotation peak attributed to the IVCT transition
@Co21#t2g→O22→@Fe31#t2g in CoFe2O4 thin films, within
the miscibility range of spinel structure. The origin of th
energy variations with the dopants can be understood by
molecular orbital theory of IVCT transitions. Since dopin
with the relatively small ions such as Al31 could decrease
the distance between Co21 and Fe31 ions, the energy gap
~also the energy of the IVCT transition! between the molecu
lar orbital 16a1 ~s! and 17a1 (s* ) associated with the elec
tron transition was increased. On the other hand, doping w
the relatively large ions such as Sc31 could increase the dis
tance between Co21 and Fe31 ions, and decrease the energ
gap. By understanding the above correlation between st
tures and IVCT transitions in the nanocrystallin
CoFe22xMxO4 (M5Mn,Al,Sc) thin films, we conclude tha
the position of the Kerr rotation peak can be adjusted
doping various trivalent cations and controlling the dopi
contentx due to doping-induced structural changes.
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