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The structures, magnetisms, and magneto-optld&) Kerr spectra of nanocrystalline CoFgM,0, (M
=Mn,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 transfdv/CT) transition of[Coz*]tngOZ’H[Fe“]tzg 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 &1 and Sé* ions led to the increase and decrease of the energy
of the IVCT transition, respectively. On the other hand, doping wit Mhas 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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. INTRODUCTION strong MO effect in the visible randé!’ The polar MO
Kerr spectra of CoR®, film deposited by spray pyrolysis
Spinel ferrites have a general formula of M&e "0,  on fused silicon substrates had been reported by Martens and
(Me?* =F&*, Ca?*, Ni2*, etc). In the cubic spinel type co-workers:®~?! There were two Kerr rotation peaks at 2.0
structuret? O?~ ions form the close-packed face-centered-and 2.2 eV for Co ferrite thin films in the visible range
cubic (fcc) lattice. In this lattice, only two types of cation (1.55-3.1 eV. The rotation peak at 2.2 eV was assigned to
sites named tetrahedraA (site) and octahedralR siteg ex-  an IVCT transition from{ Co?*] to [F€**] at B sites, illus-
ist, and the cation distribution formula is commonly ex- trated ag Co?* Jt,q— 0" —[F€e* ]t,,. The rotation peak at
pressed asA)[B],0,, where the parentheses and square2.0 eV was ascribed to the CF transition of ECpat A sites,
brackets denot@ sites andB sites, respectively. Due to the expressed adA,(*F)—*T,(*P).?? However, the relation-
existence of confused interpretations of the relationship beship between the structures and IVCT transitions in Co fer-
tween the electronic structure and magneto-optidaD)  rite thin film is still a subject of debate.
properties,d-d charge-transfer transitions, and MO spectra More recently, we used Mi ions (ry,=0.0645 nm with
of spinel ferrites have been attracting considerable interest ihigh spin stat&) as the dopant to substitute ¥eions (r,
the past 20 years? The MO properties of a number of spinel =0.0645 nm with high spin stéf® in nanocrystalline
ferrites were investigated by Fontijin and co-workers. CoFeO, thin films242° It was demonstrated that doping of
Two types of interactions, i.e., the crystal figldF) transi- Mn3" ions could effectively lower th@ . of Co ferrite, and
tion and charge-transfer transitions including the intervalenceonsiderable improvement of the MO effect has been
charge-transfe(lVCT) transition and intersublattice charge- achieved through a cubic-to-tetragonal phase transition and
transfer (ISCT) transition, have been identified in the MO the generation of a new Kerr rotation at 1.9 eV. To further
spectr@ ! It was proved that the IVCT transition is one of understand the doping effect on MO properties and the new
the major interactions governing the MO properties. active MO Kerr rotation in CoFe ,Mn,O, films, trivalent
The IVCT transition is a process in which an electronmetal ions with altered radius such as 3Al [ry,
from a cation is transferred to a neighboring cation through=0.0535 nm (Ref. 23] and Sé" [r,,=0.0745 nm (Ref.
optical excitation? Typically in FeO,,**"*° the 3d-3d  23)] ions, which have no unpaired ar electrons in their
IVCT transition takes places between®Feand FE* ions  electronic configurations, were doped into CgBg films.
both in B sites, and can be mediated by Oions; thus itis  The objective of this study is to systematically investigate
expressed g€ ]-0? -[Fe < [Fe7]-0° -[FE€*]. In  the correlation between the structures and IVCT transitions
such an IVCT transition, Fontijin and co-workers suggestedn nanocrystalline Coke .M, 0O, (M =Mn,Al,Sc) thin films.
that the electrostatic polarization ofQions plays a signifi- We found that the energy of IVCT transitions was highly
cant role in determining the energy of this transitfon. correlative with the structures of those spinel ferrites. For
Cobalt ferrite CoFg0, has drawn much attention for its further understanding the doping effects on the structures,
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four typical compositions of powder samples were prepared,
and the structural information was extracted by Rietveld re-
finement. Based on these studies, molecular orbital theon
was used to explain the correlation between the structure:
and IVCT transition in the as-deposited films. From the ex-
perimental results we conclude that the position of the Kerr
rotation peak can be adjusted by doping various trivalent
cations and controlling the doping contentdue to doping
induced structural changes.

Il. EXPERIMENT

Nanocrystalline Coke ,Mn,0O, (x=0-1.0), A
CoFe_,AlLO, (x=0-1.0), and Coke,ScO, (x 370
=0-0.4) thin films were prepared by a modified Pechinii- b
type sol-gel method®~28 Appropriate portions of Fe(N§);
[analytical reagentAR)], Co(NG;), (AR), and Mn(NQ),
[AI(NO3); or Sc(NQG)3] (AR) were dissolved in a water-
alcohol solution(1/8 in v/v). Then, quantitative amount of
citric acid (AR) and poly{ethylene glycol (PEG, molecular (b)
weight~ 20000, chemically pupevere also dissolved in the FIG. 1. 3D AFM micrographs of nanocrystalliia) CoFeMnQ

aboye solution. Upon'stirring for 2_h, a hor_nogeneous pOIV'and(b) CoFg (Al,40; thin films annealed at 700 °C for 1 h.
meric precursor solution was obtained. This precursor solu- c

tion was spin-coated onto the monocrystalline sili¢aa0) nd the antimagnetic contribution from silicon substrates was
substrate at a speed of about 4000 rpm for 8 s. The solven gken out g

and organics in the coatings can be removed by drying in an The polar Kerr spectra were recorded by the MO Kerr

electric oven at 100—110°C and subsequently preannealed . .
in a tubular furnace at 400 °C under an oxygen-flowing at_spectrometer setup by us, under an applied field of 10 kOe

mosphere. The resulted precursor films after 10 coatin erpendicular to the film plane at room temperature. A 150
cycles were finally annealed at 700°C for 1 h, and the Xe short-arc lamp was used as a continuum light source to

CoFe_ MO, films were thus obtained. The film thickness cover the 1.55-3.1 eV visible spectral range. The Kerr rota-

. . . . tion 6x was taken a®x=13 [ (M) — 6x(—M)], whereM
s determined by scanning electron microscof§EM, is the magnetization, in order to eliminate the contribution on
Amary-1910, USA.

For the preparation of amorphous powders, the above prel\—/Io fotation from nonmagnetic substrates.

cursor solutions were dried in an electric oven and then pre-
annealed in the tubular furnace at 400 °C under an oxygen lll. RESULTS
atmosphere. Finally, the as-derived powders were annealed
in a muffle furnace at 1200 °C for 12 h in still air. An induc-
tively coupled plasmdICP) atomic emission spectroscopy  With the modified Pechinii-type sol-gel method, nano-
(AES) analysis reported the same stoichiometry for the elecrystalline CoFe_,M,0, (M =Mn,Al,Sc) thin films were
ments of Co, Fe, Mn, Al, and Sc in all the powder samples agasily prepared after annealed at 700°C for 1 h. Figure 1
expected. typically shows the three-dimensiondBD) images of

The crystal structures of the films were characterized byCoFeMnQ and CoFggAlg O, films as probed by AFM.
x-ray diffraction (XRD) (D a—2000, Rigaku, Japarfrom  These films are distinctly composed of ultrafine grains in the
15° to 65° with a 2 speed of4°/min, and the XRD data of average grain size of 50 and 25 niin diamete), respec-
powder samples for Rietveld refinement were collected frontively. Due to that the root mean square roughness of the
15° to 135° with a 2 speed ofl°/min by another diffracto- sol-gel-derived films measured by AFM is only 3—5 nm, the
meter O max—2500, Rigaku, Japanusing CuK « radiation  nanograins showed a narrow size distribution.
(A=1.5418 A). The surface morphologies of the nanocrys- Figure 2 representatively exhibits the XRD patterns
talline films were observed by atomic force microscopyof CoFgO,, CoFqMnyO,, CoFgeAly,0,, and
(AFM, AutoProbe CP, PSI, USAwith a 5 um scanner. The CoFg gSg O, films. All reflections of the film samples cor-
magnetic measurement of the samples was performed on @@spond to a spinel structure, and no extra peaks attributed to
alternating gradient magnetometéAGM, MicroMag™  other phases were observed, indicating thaf MnAI®*, or
2900, USA at room temperature. The hysteresis loops werésc:*, ions can be thoroughly doped into the spinel lattice in
recorded in fields up to 15 kOe for all samples. The externathe present work. According to the Bragg equation, lattice
fields were applied parallel to the film plane in the magneticconstanta values of the samples were calculated by a least-
measurements. The magnetization values presented in thésuares methot:*® Figure 3 depicts the calculated lattice
paper are in conventional cgs electromagnetic ufetau, constants of the Coke,M,0, (M=Mn,Al,Sc) films as a

A. Structures
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FIG. 2. XRD patterns of the as-deposited Cgbg
CoFg gMny 404, and CoFggAl, 40, films annealed at 700 °C for
1h.

function of the doping content. Due to the fact that the ion
radius of M#* is compatible to that of P&, the substitu-
tion of F€* with Mn®* ion led to no obvious changes in
However, a notable increase and decreasevirere observed
for the substitution of F& with SE* and AP* ions, respec-
tively. From Fig. 3, it can be also found that changed
monotonically withx for S&*- or AlI**-doped films.

The mean grain siz® (in diametefy was calculated by
the Sherrer equatiott, D=K\/(B cos#), whereK is a di-
mensionless constanKE& 0.9, usually, 26 is the diffraction
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FIG. 3. Plot of the lattice constaatas a function of the doping
contentx with the error bar for Coke ,M,0, (M=Mn,Al,Sc)
films annealed at 700 °C for 1 h. The straight line indicaiesf
pure CoFgO, film.
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FIG. 4. Plot of the mean grain size as a function of the doping
contentx with the error bar for Coke ,M,0, (M=Mn,Al,Sc)
films annealed at 700 °C for 1 h. The straight line indicates mean
grain size of pure Cok©, film.

angle,\ is the wavelength of the x-ray radiation, afds the

full width at half maximum of the diffraction peak calibrated
from high purity silicon(in radiang. Figure 4 shows the plot

of the mean grain size of the as-deposited films as a function
of the doping contenk. The grain size was observed to
decrease witlx when doping with A" or SE™ ions, which
was also confirmed by the AFM analysis. Perhaps it is be-
cause of the structural mismatch, arising from the large dis-
crepancy in the ion radii of A" and S&" compared with
that of Fé*, that doping of A}* or SE™ ions could sup-
press the nuclei formation during the film growth. However,
the grain size was almost kept unchanged in thé Mdoped
films, owing to the finding that the substitution of*Fewith
Mn®* ions could not induce any structural mismatch for
their compatible ion radii.

B. Magnetic behaviors

In a normal-type spinel ferrite, the divalent cations locate
at A sites. However, Cok©y, is regarded as an inverse-type
spinel with a cubic structure and has a cation distribution of
(FET)A[CPTFET]30,.%32 Nevertheless, small CoR@,
particles may have a nonequilibrium cation distribution with
someA sites occupied by Co ions333*In most cases, the
properties of spinel ferrites are highly correlative with such a
cation distribution, especially for the magnetism.

In general, spinel structure ferrites behave as ferrimag-
nets, as a result of the magnetizations of thekh(x)],
which are the net moments &f andB sites M, andMg),
and given byM(x)=Mpg(x) —M4(x). Due to the fact that
the metal ions of Co", Mn®*, AI®*, and Sé* ions have a
stronger capability to occupy tHe sites than F&" ions 36
the structural formula of Coke,M,0O, (M=Mn,Al,Sc)
may be written as (F€CoFg M ,]0O, (0<x<1). Figure 5
gives the measured values of the saturation magnetization
(Mg) as a function of x for CoFe_,M,0, (M
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FIG. 5. Measured and calculated values of magnetizatidg) (
as a function of doping contenk for CoFe_,M,0, (M
=Mn,Al,Sc) films annealed at 700 °C for 1 h.

=Mn,Al,Sc) thin films. It can be found that aMg of the
doped sample decreases linearly with increagingecause
the experimental moment of Mh (4.9ug) is slightly
smaller than that of Fé (5.9uz), only a slight decrease in
Mg with increasing doping content was observed. How-
ever, the notable decrease Mg is observed for both
CoFe_,Al, O, and CoFe_,Sc0, films because A" and

04 06
M Content (x)

Sc* are nonmagnetic ions.

The large coercive forceH) of Co ferrite predominantly
arises from the single-ion anisotropy of €oions on theB
sites®? Figure 6 displays the variation dflc with x for
CoFe_,M,0, (M=Mn,Al,Sc) thin films. It is noted that
H¢ of all the doped samples decreases with increasirigis
considered that the content decrease of ‘Cimns at theB
sites resulted in the decrease Hf.. However, He of
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FIG. 6. Variation of the coercive forceH({) with the doping
contentx for CoFe_,M,0, (M=Mn,Al,Sc) films annealed at

700°C for 1 h.
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FIG. 7. Wavelength dependence of polar Kerr rotations for
CoFe_,Mn,0O, (x=0-1.0) films annealed at 700 °C for 1 h.

CoFe_,Al,O, and CoFe_,ScO, decreases more quickly
than that of CoFg ,Mn,O,, which is possibly correlated
with the migration of more Co" ions fromB to A sites by
doping with AB* and Sé* ions than that by doping with
Mn3* ions. Furthermore, the reduced grain size also brought
about the decrease éfc, which in turn could causeél. of
CoFe_,Mn,O, to be larger than that of CokeAl,O, and
CoFe_,Sc 0, for a given doping content.

C. Magneto-optical properties

Since a slight difference in the thickness of spinel ferrites
deposited on Si substrate would induce drastic changes in the
Kerr spectr&’ in the present work, all the films for MO
measurements were controlled to have the same thickness of
200+ 3 nm (determined by SEMfor convenience in com-
paring the experimental results. Hereafter, we will focus on
the Kerr spectra of the as-deposited films, based on the as-
sumption that they have similar optical components.

The polar Kerr spectra of Coke,M,0, films are pre-
sented in Figs. 7-9. These spectra were similarly observed
by Martenset al. for the CoFgO, film deposited on monoc-
rystalline silicon®*°but were quite different from the polar
Kerr spectrum of the single crystal of Cof®, and Faraday
spectra of CoRg, films on transparent substratésErom
Figs. 7-9, we can find that there are two Kerr rotation peaks
at 2.0 and 2.25 eV for the pure Co ferrite. Perhaps due to the
systemic error coming out from the different MO Kerr spec-
trometer, our results showed a slight difference in the energy
of the transitions from that obtained by Kiet al. (2.0 and
2.2 e\).%?

From Figure 7, it is noted that doping of Mh led to the
decline, even the disappearance of the Kerr rotation at 2.25
eV ascribed to the IVCT transition, while a new peak at 1.9
eV appeared. The Kerr rotation peak at 1.9 eV increased with
the doping contert, whereas that at 2.25 eV decreased with
increasingx. Normally, M ion preferably occupie®
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FIG. 8. Wavelength dependence of polar Kerr rotations for I sgmm(g'gw 100 120
CoFe_,Al,O, (x=0-0.8) films annealed at 700 °C for 1 h.
sites in replacement of most e ions and makes a few CoFe. MmO, Powder
Co** ions migrate fromB to A sites. The decrease of the .
peak at 2.25 eV distinctly is a result of the decrease in occu- 5
pancy rate of both Go' and Fé" ions atB sites. Wherx is 5
higher than 1.0, this peak disappeared becaudé Fms at £
B sites were wholly substituted by Mh ions. § l 1 l }
From Figure 8, we can see that, for CoFgAl, O, films, E Ml f' e Tt?. :? stk i
the rotation peak at 2.25 eV assigned to the IVCT transition T
decreased with increasing Al content, and the peak was 2 s %'ﬂnelz(g‘gg.) w0 120
slowly blueshifted with the increase i Generally, AF*
ions predominately occupp sites®® However, AF* ions
can partially occupyA sites in the case of nanocrystalline CoFe, 5¢, 0, Powder
films; thus the content decrease of bot*Cand Fé" ions
at B sites would reduce the Kerr rotation associated with the 5
s
Wavelength (nm) 4
400 500 600 700 800 g
T T T ¥ T ¥ T Y T §
1.2" £ |ix|l|xll|llllllll\l!‘mlulxi
. —m—CoFe0, 1 -
—o—CoFe, ;Sc, O, » © e'grne«- (:'29) 00
.08 —a—CoFe, Sc 0,
g —v—CoFe, ,Sc,,0, _FIG. 10. Experimenta(solid lineg and calculated by Rietveld
54 —e—CoFe. Sc. O refinement (crosses XRD patterns for pure Cok®, and
© 04 16770474 CoFg gMg,0, (M =Mn,Al,Sc) powder annealed at 1200 °C for 12
5 =iy h. Differ_ences between the experimental a_nd _calculated intensity are
= v shown in the bottom, and the small bars indicate the angular posi-
% 00 ; i
;-'c:, tions of the allowed Bragg reflection.
5 7l IVCT transition. Wherx is higher than 0.8, the Kerr rotation
X -0.4 \‘/" . peak almost disappeared with3Al substitution.
. 87 Opposite to the Al-doped films, the presence ot'Sions
caused the increase of the rotation peak at 2.25 eV assigned

)
o
®

hv (eV)

to the IVCT transition withx in Fig. 9. In addition, this peak
was slowly redshifted with the increasexnSc ™ ions could
only occupyB sites because of their large ion radius and

FIG. 9. Wavelength dependence of polar Kerr rotations forhence caused the decreased content of bofii @od Fé*

CoFe_,Sc0O, (x=0-0.4) films annealed at 700 °C for 1 h.

ions atB sites. In contrast, the Kerr rotation increased with
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TABLE |. Structural parameters, patteRifactor (Rp), weighted patterR factor (Ryp), A-O (da.o)
and B-O (dg.g) bond lengths,B-B distance (g.g), and B-O-B bond angle(6) of CoFeO, and
CoFg gM 0, (M =Mn,Al,Sc) powder samples, which were deduced from the Rietveld refinement of XRD

data.
Sample CoF£0, CoFe gAlg 204 CoFgq gMng 0, CoFq g5¢ 04
a (nm) 0.8398%2) 0.8372@2) 0.840142) 0.84295%3)
dao (NM) 0.19161) 0.19241) 0.19131) 0.190%1)
dg.o (NM) 0.20451) 0.20331) 0.20471) 0.20621)
R(da.0/ds.0) 0.937 0.944 0.935 0.924
dg.g (NnM) 0.29691) 0.296@1) 0.297@1) 0.298@1)
06.0.5 (deg 93.102) 93.432) 93.002) 92.532)
Rp (%) 7.44 741 7.89 9.47
Ruwp (%) 10.71 10.50 10.96 13.42

x, indicating that doping with S¢ would enhance the Kerr Mn, and Sc, respectively. Howeval, o displayed a con-
rotation of CoFgQ,. trary trend to that ofa and dg.o. The d,.o values of
Since the ion radius of Mi is compatible to that of CoFg gM(,0, are 0.1916, 0.1920, 0.1913 and 0.1905 nm
Fe*™, the Kerr rotation peak at 2.25 eV associated with thefor M=Fe, Al, Mn, and Sc, respectively. In additioR,val-
IVCT transition displayed only slight shifting. The new Kerr ues of all samples are larger than 0.866, Bndiill gradually
rotation peak at 1.9 eV in these films was indeed induced bylecrease to 0.866 with increasirag Correspondingly, the
the doping of MA* ions for it increases with MY content  bond angles oB-O-B of all samples are larger than 90°,
x, but did not originate from the substitution effects on theand also decrease to 90° when doping with'Sions. As we
structures. Due to the fact that CF transitiondBasites are  know, everyB site is coordinated by six®© ions, and every
spin-forbidden, the new Kerr rotation is likely ascribable to O~ ion is coordinated only by threB sites. Therefore, all
the IVCT transition from[Co?* ] to [Mn3"] at theB sites. the bond angles dB-O-B are larger than 90° owing to the
Because the electron acceptability of ¥nis stronger than spatial repellence originating from the unsymmetrical coor-
that of Fé*, the energy of the IVCT transition frofCc?*]  dination environment of & ions, which result in the lattice
to [Mn®*] is lower than that t§Fe**]. Therefore, the new distortion.
Kerr rotation peak exhibited a redshift and increased with ~ Furthermore, to elucidate the correlation between struc-
tures andd-d IVCT transitions in the nanocrystalline
CoFe_,M,0, (M =Mn,Al,Sc) thin films, the doping effects
on the MO spectra were examined. Also from Figs. 8 and 9,
In order to estimate the doping effect on the structures ifve can clearly observe that doping with various trivalent
detail, we used the Rietveld refinement to extract the strucmetal ions exerted a strong influence on the position of Kerr
tural information from the XRD patterns of four typical pow-
der samples of Cok®, and CoFgMy,0, (M 245
=Mn,Al,Sc) by the software of General Structure Analysis o
System(GSAS.*® The calculated results were displayed in . "
Figure 10. And the detailed structure information, such as the 240 ) O © A'u
lattice constant, bond length and bond angle, is summarizec s B Sc
in Table I.a values of CoFggM 0, are 0.83989, 0.83720, 235l ’
0.84014, and 0.84295 nm favl=Fe, Al, Mn, and Sc, re- < |
spectively. If compared with the data shown in Fig. 3, the & O
lattice constants of the powder samples are distinctly well2 230 .
consistent with the trend of that of the film samples against - T .om
the variety ofM3* ions. 205 | o
In general, spinel ferrite structure has 8 formula u(is
atoms in a primitive cell. The space group @ﬁ Fd-3m
(no. 227. In a standard spinel type lattice without any dis-
tortion, the fractional coordinates &f site, B site, and G 08 06 04 02 0 02 04
ion are (1/8, 1/8, 1/8, (1/2, 1/2, 1/2, and (1/4, 1/4, 1/3, AP —— M content (x) sc*
respectively. Therefore, the rati®) of the distance oA-O
(da-o=2av3/8) to that ofB-O (dg.o=a/4) is 0.866. From FIG. 11. Dependence of the energy of the IVCT transition
Table I, it was observed thal.o also follows the trend o& ([CA?*]—[Fe¥*]) upon the doping content for CoFe_,Al,O,
against the dopant variety. Thig_o values of CoFggM,0,  (x=0-0.8) and CoFe,ScO, (x=0-0.4) films annealed at
are 0.2045, 0.2033, 0.2047, and 0.2062 nmNb+Fe, Al,  700°C for 1 h.

IV. DISCUSSION

¥

2.20
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rotation peak attributed to the IVCT transition of tion would be reduced when doped with relatively large ions
[Coz*]tzg—>02*—>[F€’+]tzg. Figure 11 shows the depen- such as St" ions due to the increased distance between
dence of the energy of the IVCT transition upon the dopingCc®" and Fé* ions atB sites. To sum up, doping with
contentx for CoFe_,Al,O, (x=0-0.8) and CoFe ,Sc,0O,  various trivalent metal ions can strongly affect the energy of
(x=0-0.4) films. It is obvious that the energy of the IVCT the IVCT transition due to doping-induced structural
transition increased witlk in CoFe_,Al, O, films. The ex- changes, and hence adjust the position of Kerr rotation peak
ception atx=0.2 is related to the perturbation of the spinel of CoFgO,.
structure>® However, the energy of the IVCT transition de-

creased with increasingin CoFe _,Sc,0O, films. Therefore,

we could conclude that doping with relatively small ions

such as Al* ions would result in increasing the energy of By a modified Pechinii-type sol-gel method, we have fab-
the IVCT transition of [Co?"]tyy—0* —[Fe€*]ty, in  ricated nanocrystalline Coke,M,O, (M =Mn,Al,Sc) thin
CoFg0,, and doping with relatively large ions such asSc films with well-crystallized spinel structure, and systemati-
ion would result in decreasing the energy of the IVCT tran-cally investigated the correlation between structures and
sition. IVCT transitions. Structural studies revealed that doping of

By considering the results of the Rietveld refinement, theMn®* ions had a weak effect on both of the lattice and the
molecular orbital theory of IVCT transitions was introduced nanocrystalline crystallization. However, doping of3Al
to interpret the above correlation between structuresdadd ions resulted in a decrease in the lattice consaanthile the
IVCT transitions. According to this theol§}*°10 3d orbitals  doping of Sé* ions brought about the increase @ The
of Co?* and Fé" at B sites form 10 molecular orbitals, doping of either Af* or SE* ions could suppress the crys-
which aret,q (16a;, 1004, 6a,, 7a,, 11b,, 17a,) ande;  tallization. Since Co' ions migrated fronB to A sites due
(18a,, 12b,, 19a,, 13,) in a sequence showing increasing to the substitution of F& with M3*, Mg andH of all the
energy. The 12 8 electrong7 from C&* and 5 from F&") samples decreased with increasing doping content
occupy 10« spin and 28 spin (16, and 1®,) orbitals in MO investigations strongly suggested that doping with
the high-spin crystal field. Since the energy of thik@bital  various trivalent metal ions could heavily affect the position
of FE™" ion is higher than that of Gd ion, the bonding of the Kerr rotation peak attributed to the IVCT transition of
orbitals of 16, 10b; and 6, are mainly composed of [Co*"]tyy—0* —[Fe " ]t,y in CoFgO, thin films, within
(3d)tyq of Co?*, and the antibonding orbitals ofag, 11b;,  the miscibility range of spinel structure. The origin of the
and 1%, are mainly composed of (Bt,, of F€**. The Kerr ~ energy variations with the dopants can be understood by the
rotation peak at 2.25 eV is the electronic transition form themolecular orbital theory of IVCT transitions. Since doping
molecular orbital 16, (o bonding to 17a, (o antibonding, ~ with the relatively small ions such as %l could decrease
which is the so-called IVCT transition cﬁfCo“]tzg—>02‘ the distance between €b and Fé" ions, the energy gap
_>[Fe3+]tZg . The energy gap betweendgand 13, is also  (also the energy of the IVCT transitipbetween the molecu-
the energy of the IVCT transition. lar orbital 1@, (o) and 14, (o*) associated with the elec-

It is well known that the energy gap between bonding andron transition was increased. On the other hand, doping with
antibonding is closely related to the distance between théhe relatively large ions such as*3ccould increase the dis-
bonding atoms$? Decreasing the distance between bondingtance between Cd and Fé™" ions, and decrease the energy
atoms will decrease the energy of the bonding orbital angyap. By understanding the above correlation between struc-
increase the energy of the antibonding orbital and thus intures and [IVCT transitions in the nanocrystalline
crease the energy of electron transition from the bonding t€oFe_,M,0, (M =Mn,Al,Sc) thin films, we conclude that
antibonding orbital. On the other hand, increasing the disthe position of the Kerr rotation peak can be adjusted by
tance between bonding atoms will decrease the energy ga@pping various trivalent cations and controlling the doping
and the energy of bonding and antibonding orbital will becontentx due to doping-induced structural changes.
equal when the distance between two bonding atoms is infi-
nite. Thinking about the IVCT transition o[Coz*]tzg
—0? —[Fe" ]ty in CoFgO, and CoFg_M,0, (M
=Mn,Al,Sc) thin films, the distance between®{oand Fé* Grants-in-aid from the State Key Project on Fundamental
ions (see the typically_g values in Table)lwill be decreased Research of MOST of China(G1998061300 NSFC
when doping with a relatively small ion such as thé Alon,  (Nos. 50272006, 20171003, 20221101, and 2002300&
as is also confirmed by the Rietveld refinement. ThereforeTraining Project for Doctoral Students of MOE, and
the energy of the IVCT transition from &6 to 17a; will be  the Founder Foundation of Peking University are gratefully
increased. On the other hand, the energy of the IVCT transiacknowledged.
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