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Calculation of exchange integrals and electronic structure of manganese
ferrite „MnFe2O4…

Xu Zuoa) and Carmine Vittoria
The Department of Electrical and Computer Engineering, Northeastern University, Boston,
Massachusetts 02115

~Presented on 14 November 2002!

The exchange integrals of manganese ferrite (MnFe2O4) are calculated with the density functional
theory method for both normal and inverse spinel structures. The functional is chosen to be a
mixture of Becke exchange and Fock exchange with variable weight~w!. The exchange integrals
JAB ~the exchange integral between the nearest neighbor A and B sites! and JBB ~the exchange
integral between nearest neighbor B sites! are calculated by substituting the total energies of
different magnetic ground states into the Heisenberg model. The calculated value ofJAB is in
agreement with experimental values measured by neutron diffraction and nuclear magnetic
resonance. Also, the parametersU ~Coulomb repulsion energy! and Eg ~band gap! are extracted
from density of states plotted versusw. Our calculated band gap shows that MnFe2O4 is a complex
insulator in contrast to previous local spin density approximation and generalized gradient
approximation calculations which predicted it to be metallic. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1558200#

I. INTRODUCTION

Manganese (MnFe2O4) is a ferrite material with a spinel
crystallographic structure~space groupFd3m), in which
O22 forms tetragonal and octagonal local symmetries that
are referred to as A and B sites, respectively.1 A normal spi-
nel structure, per primary cell, consists of two A sites occu-
pied by two Mn21 and four B sites each occupied by four
Fe31. On the other hand, 100% inverse spinel structure, per
primary cell, consists of two A sites occupied by two Fe31

and four B sites occupied by both two Mn21 and two Fe31

ions. MnFe2O4 is known to be approximately 20% inverse.
The exact percentage depends on the details of material
preparation.2

Manganese ferrite has been discussed for a long time1,3

and there have been numerous qualitative arguments made
for the existence of superexchange interactions in this mate-
rial and oxide magnetic materials.4,5 The most recent gener-
alized gradient approximation~GGA! calculation6 showed
thatJAB5239.3 K compared toJAB5222.7 K obtained ex-
perimentally from nuclear magnetic resonance7 and JAB

5219.1 K from magnon dispersion measurements.8,9 Both
local spin density approximation~LSDA!10 and GGA6 calcu-
lations predicted a metallic state for MnFe2O4, although
MnFe2O4 is known to be an insulator as confirmed by acti-
vation energy measurement.11 On the other hand, it is known
that Hartree–Fock~HF! overestimatesU andEg , and under-
estimates the exchange integrals for transition metal
oxides.12,13 In a previous paper by the current authors,14 a
Hamiltonian, which is a mixture of HF and LSDA, was uti-
lized and led toJAB close to the experimental value, if the
radial part of the 3d orbit of Fe31 was extended to 130%.
However, it was shown thatJBB was sensitive to the exten-

sion and that the calculatedJBB was larger than experimental
value for inverse spinel structure with an extension of 130%.
In this paper, we calculated the exchange integrals and elec-
tronic structure with an extension of 120%.

II. APPROACH

We chose a modified version of Becke’s parametrization
of the exchange-correlation functional, which is examined
for a wide range of atoms and molecules.15 In this approxi-
mation, the correlation part is given by

Ec5Ec
SDA1acDEc

PW, ~1!

where Ec
LSDA and DEc

PW are LSDA correlation16 and
PWGGA correction,17 respectively. The exchange part is
given by

Ex5~12w!~Ex
LSDA1axDEx

B!1wEx
exact, ~2!

whereEx
exact, Ex

LSDA , and DEx
B are exact exchange, LSDA

exchange, and Becke exchange-only GGA correction,18 re-
spectively. In Becke’s original parametrization,ac50.81,
ax50.9, andw50.2 are determined from the least-squares
fitting of atomization energies, ionization potentials, and pro-
ton affiliates.15 In this paper, we are allowingw to vary be-
tween 0 and 1 to fit the experimental value ofJAB andU. In
the calculation,Ex

exact is replaced by the Fock exchange
(Ex

F).15 We choose Gaussian basis sets for Mn21, Fe31, and
O22. The basis sets of Mn21 and Fe31 were optimized for
MnO12 and Fe2O3,13 respectively. The basis set of O22 was
optimized for a wide range of oxide materials including
MnO and NiO.12 The calculations were implemented by
CRYSTAL98 code19 at experimental geometry,20 lattice con-
stanta58.511 Å and position of O22 u50.3846. The cal-
culations were performed self-consistently in spin-dependent
scheme, in which the net spin in a primary cell is locked at
the theoretical value of ionic model, i.e., the net spin of Fe31

and Mn21 is 5/2 and that of O22 is 0.a!Electronic mail: xzuo@ece.neu.edu
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III. RESULTS

A. Exchange integrals

On the calculation of exchange integrals, onlyJAB and
JBB were considered, since there is no experimental data on
JAA . To determineJAB and JBB , we calculated the ground
state energies of three different magnetic structures denoted
as FM, FI-1, and FI-3. FM is the assumed ferromagnetic
structure. FI-1 is the observed ferrimagnetic structure in ex-
periments. FI-3 is an assumed ferrimagnetic structure, in
which spins in the A sublattice are aligned parallel to each
other, spins within B sublattice are aligned antiparallel. As-
suming the spin arrangement to be collinear and substituting
each magnetic structure into the Heisenberg model, we ob-
tain

JAB5
1

96S2 ~EFI212EFM!,

~3!

JBB5
1

32S2 FEFI232
~EFI211EFM!

2 G ,
whereS55/2 is assumed according to the ionic model. The
calculatedJAB andJBB are plotted as a function ofw in Figs.
1 and 2 for normal and inverse structure, respectively. The
calculatedJAB is negative~antiferromagnetic! for all values
of w, and becomes stronger whenw decreases.JAB

5215.3 K is obtained for normal spinel structure atw
50.4 andJAB5214.5 is obtained for inverse spinel struc-
ture atw50.5, which are reasonable when compared to ex-
perimental value.7–9 However, calculatedJBB’s are about 10
K for normal spinel structure and 7 K for inverse spinel
structure, compared toJBB523.0 K from magnon disper-
sion measurement.9

As w decreases, the weight of LSDA in Hamiltonian
increases. Since the above-given basis sets are optimized by
HF, the divergence occurs whenw is smaller than a critical
value of 0.40. Since self-consistent wave functions of LSDA
are more extensive than those of HF, it is reasonable to ex-
pect that more extensive basis sets may improve the conver-
gence of the calculation. Thus, we extended the 3d basis

functions of Fe31 to 120% in the radial direction. Using
extended basis sets, we obtainJBB54.5 K for normal spinel
structure atw50.3 andJBB51.9 K for inverse structure at
w50.4, which are closer to the experimental value of
23.0 K.

B. Electronic structure

On the electronic structure, we calculated the density of
states~DOS! using the extended basis sets for normal spinel
structure with experimentally observed FI-1 structure at dif-
ferent values ofw. The site projected DOS atw50.3 is plot-
ted in Fig. 3. Compared to the DOS calculated by LSDA10 or
GGA,6 the DOS given by our calculation is quite different.
First, the DOS calculated by LSDA or GGA implied that
MnFe2O4 is metallic, where the spin-down Mn21 d bands
and the spin-down Fe31 d bands overlapped with each other
and crossed over the Fermi level. However, in our calcula-
tion, the DOS shows that MnFe2O4 is a typical insulator with
a band gap between the spin-down Mn21 d bands and spin-
down Fe31 d bands, which is qualitatively in agreement with

FIG. 1. Calculated exchange integrals using optimized~opt! and extended
~ext! basis sets for normal spinel structure.

FIG. 2. Calculated exchange integrals using optimized~opt! and extended
~ext! basis sets for inverse spinel structure.

FIG. 3. Projected DOS calculated using extended basis set for normal spinel
structure and FI-1 magnetic structure atw50.30, where the definitions of
Eg andU are schematically shown.
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experiment.11 Second, the DOS given by LSDA or GGA im-
plied that MnFe2O4 is a typical Mott insulator for both Fe31

and Mn21, in which thep band of O22 is located at a lower
energy than the lower Hubbard bands of Fe31 and Mn21. On
the other hand, in our previous calculation,14 the DOS im-
plied that the Fe–O system in MnFe2O4 is a typical charge
transfer insulator, in which thep band of O22 is located
between the upper and lower Hubbard bands of Fe31. How-
ever, in this calculation, both Fe–O system and Mn–O sys-
tem are the interim state between Mott insulator and charge
transfer insulator, in which thep band of O22 overlaps thed
band of Fe31 and Mn21 at the top of valence band.

From DOS, we extracted the values of band gap (Eg)
and Coulomb repulsion~U!. We plottedEg and U vs w in
Fig. 4. As shown in Fig. 4,U depends onw linearly. The
optimal fitting ofU to experimental values21,22 is obtained at
w'0.20, which is the original parametrization by Becke. In
contrast to the linear dependence ofEg on w given by opti-
mized basis sets,14 there is a knee point aroundw570% in

theEg–w curve given by extended basis sets, which implies
a transition of DOS from typical charge insulator to the in-
terim state between charge transfer insulator and Mott insu-
lator asw decreases.

IV. CONCLUSION

By admixing Fock and Beck exchange-correlation func-
tional, the calculated exchange integrals by us are in reason-
able agreement with experimental values. Also, our calcula-
tions yield an insulating state for MnFe2O4 as confirmed by
experiments.
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FIG. 4. Coulomb repulsion parameters for Fe31 (UFe) and Mn21 (UMn),
and band gap (Eg) calculated using extended basis sets.

8019J. Appl. Phys., Vol. 93, No. 10, Parts 2 & 3, 15 May 2003 X. Zuo and C. Vittoria

Downloaded 30 Jan 2012 to 129.10.105.52. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions


	Northeastern University
	May 15, 2003
	Calculation of exchange integrals and electronic structure of manganese ferrite (MnFe₂O₄)
	X. Zuo
	C. Vittoria
	Recommended Citation



