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An approach to reduce the antiferromagnetic coupling of antiphase
boundaries in half-metallic magnetite films
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Highly conductive (~10°uQ cm) Mn doped epitaxial Fe;O, films were fabricated by reactive
sputtering. The larger size of magnetic domains compared to grain size with the increasing Mn
content indicates that the partial antiferromagnetic coupling across the antiphase boundaries has been
weakened, which was further demonstrated by the smaller exchange bias, faster saturated
magnetization, and decreasing exchange interaction Jag. The decrease of antiferromagnetic strength
originates from the larger Mn-O bond length than that of Fe-O bond. The first-principle calculation
shows that the half-metallic feature (100% spin polarization) of Fe;O, was unchanged with the
incorporation of Mn atoms. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4837658]

I. INTRODUCTION

Magnetite is a mixed-valence inverse spinel with Fe*"
occupied tetrahedral (A) sites and Fe*™ and Fe* " alternative
occupied octahedral (B) sites for the temperature below
Verwey transition (~124K).! Fe;0, is always pursued in
spintronics due to its high Curie temperature (~858 K) and
unique band structure with f,, located in Fermi level.”
Nevertheless, the application of Fe;O4 films in spintronics
was restricted due to the relative low spin injection efficiency
from Fe;0, into semiconduction®* and rather small magne-
toresistance in Fe;O,-based magnetic tunneling junction™®
(MT]J). These are thought to be caused by the natural growth
defects, antiphase boundaries (APBs), which are the coales-
cence of independent nucleated crystallographic domains.
Attributed to the relative lower crystal symmetry of inverse
spinel, APBs were usually observed in the epitaxial Fe;O4
films deposited on MgO, SrTiO3, c-Al,O; and MgAl,Qy,
etc.”'* The cation sublattice (Fe) shifts 1/4a along[110] or
1/2a along[100] with the face-centered anion sublattice (O)
undistorted. According to Sawatzky,'> the exchange integral
J across the boundaries is proportional to cos*f, where 6 is
the bond angle of cation—anion—cation. The bond angles of
Fe—O—Fe across APBs in epitaxial Fe;O4 films are nearly
~180°, where the strong antiferromagnetic couplings
forms.'® This antiferromagnetic coupling across APBs has a
great impact on the magnetic and transport properties of epi-
taxial Fe;Oy4 films, for instance, the unsaturated magnetiza-
tion and linear magnetoresistance at high fields.'®'” The
presence of antiferromagnetic coupled APBs decreases the
spin polarization near the Fermi level,'® the corresponding
spin injection efficiency, and MR ratio in MTJ.® Therefore,
searching for an approach to decrease the antiferromagnetic
coupling strength across APBs is of vital importance for the
applications of half-metallic Fe;O, films. Although buffer
layers, for instance Fe, Cr, and TiN'*2° can decrease the
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density of APBs, the coupling strength and bond angles of
cation—anion—cation across APBs are nearly unchanged dur-
ing the epitaxial growth. Hence, substituting iron atoms near
APBs by other 3d metals to modify the antiferromagnetic cou-
pling strength is another possible solution to this problem.
Given that the insulating feature of NiFe,O, and CoFe,O, and
antiferromagnetic characteristic of ZnFe,O,4, manganese with
larger ionic radius than iron is selected to reduce the antiferro-
magnetic coupling of cation—anion—cation across APBs and
maintain the half-metallic band structure.

In this work, we found that the antiferromagnetic coupling
(Fe-O-Fe) across the natural growth defect APBs in epitaxial
Fe30,4 thin films could be reduced by Mn doping (smaller J g
for Mn-O-Fe or Mn-O-Mn than that for Fe-O-Fe). Meanwhile,
the half metallic band structure near the Fermi level remains
unchanged as indicated by the first-principal calculations.

Il. EXPERIMENTAL DETAILS

The epitaxial Mn Fe;_ O4 films were fabricated by re-
active sputtering facing Fe targets in the atmosphere of Ar
and O, on MgO (001) substrates. The thickness of the films
was determined to be ~150nm with a Dektak 6 M surface
profiler. The content x was controlled by the number of
pure manganese pieces on Fe targets. The manganese con-
tents ranging from x=0.12 to 0.65 were confirmed by
energy-dispersive X-ray spectroscopy, and the crystal struc-
ture was characterized with X-ray diffraction (XRD, Cu Ku«
source, A= 1.5406 10%), including normal 0-20 scans and ¢
scans. The surface morphology and magnetic domains were
directly investigated with magnetic force microscopy
(MFM). The magnetic properties were carried out with a
Quantum Design magnetic property measurement system.
The transport properties were measured in standard four
probe method with a physical property measurement sys-
tem. The density of states and exchange integral of cation-
oxygen-cation in the Mn doped Fe;O, were calculated by
VASP code and generalized gradient approximation (GGA)
of Perdew Burk Erezerhof (PBE) with DFT+U technique.

© 2013 AIP Publishing LLC
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lll. RESULTS AND DISCUSSION

Figure 1(a) gives the XRD 0-20 patterns of the Mn
doped Fe;0,4 films on MgO (001). All the films with differ-
ent Mn contents are (00/) orientation out of plane. At x=0
and 0.12, the diffraction peak of MnFe; O, (004) nearly
coincides with MgO (002). With the increase of Mn content,
the Mn,Fe;_,O, (004) peak separates from MgO (002) gradu-
ally due to the increasing lattice mismatch from 0.3% (x =0)
to 1.7% (x=0.65). As shown in Fig. 1(b), the in-plane epi-
taxy of the typical Mn,Fe;_,O4 (001) films was verified by
the ¢ scan of {111} reflections, demonstrating the epitaxial
relationship Mn,Fe;_,04(001)|[MgO(001). Figure 1(c) dis-
plays Mn content dependent out-of-plane lattice constant
¢ of the Mn,Fe; O, films, where the lattice constant ¢
increases slightly with the Mn content from 0.12 to 0.65.
Given that the radii of Fe>* (0.920 A), Fe** (0.785 A), Mn>"
(0.970A), and Mn>* (0.785A), it is probable that Mn>"
exists in the Mn,Fe;_ O, films. In order to obtain the chemi-
cal state of Mn directly, the peak of Mn 2p** was found to
be broadened at ~640 eV with X-ray photoelectron spectros-
copy,>'?* further indicating that chemical valence of Mn
atoms is mainly 42 in the Mn,Fe;_,O, films (not shown).

The location of Mn in the spinel ferrites is complicated.*
Generally, in bulk, both normal spinel Mn>*(A)Fe**,(B)O,
and inverse spinel Fe’*(A)Mn?"(B)Fe®"(B)O, coexist in
Mn ferrites.'”® It should be noted that normal spinel
Mn?*(A)Fe*",(B)0y is an insulator due to the occupation of
trivalent cations Fe*" on B sites.?* However, the reactively
sputtered Mn, Fe;_ O, films in this work is highly conductive,
and the resistivity slightly increases from ~10% uQ cm (x = 0)
to ~10° uQ cm (x=0.65) by only one order of magnitude,
which was also observed in other reports.>> Furthermore, the
free energy of Mn,Fe; O, (MnFe,303,) with Mn occupied B
sites is calculated to be ~0.3eV smaller than that with Mn
occupied A sites by DFT+U (Ug, = Uy, =4.5eV) technique.
Hence Mn is prone to occupy B sites with 42 valence in the
reactively sputtered Mn,Fe;_ O, films.

The densities of states (DOS) of Fe;0, and Mns(B)Fe 905,
(x=0.625, close to the largest doping content x = 0.65 in the
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FIG. 1. (a) Enlarged X-ray diffraction 6-20 patterns of the Mn,Fe;_,O, films
on MgO (001) near 43°, (b) typical in-plane ¢ scan of the Mn Fe;_, O, films
with {111} reflections, (c¢) Mn content dependent out-of-plane lattice con-
stant ¢, and the line is a guide to the eyes.
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experiments) are given in Fig. 2, respectively. The states of
minority spin located in the Fermi level in Fe;O, are mainly
from the 3d states of iron ions on B sites. Fortunately,
besides the energy gap for majority spin getting smaller, the
total densities of states near Fermi level were rarely affected
by the B sites substitution of Mn for Fe, remaining the
half-metallic band structure for the spin related applications.
It thus can be understood that the double exchange among
the iron ions on B sites is not destroyed completely for the
relative smaller Mn incorporation (x < 1).

The morphology of the Mn,Fe;_,O, films is displayed in
the left column of Fig. 3. The surface is rather flat, with the
roughness R, slightly increasing from 0.128 A (x=0.12) to
0.842 A (x=0.65). The grain boundaries become more
obvious with the increase of Mn content, and the grain size
for the ~150nm thick Mng 40Fe; 6004 film in AFM images is
~80nm, which is consistent with the estimated antiphase
domain size.?® The contrast of the MFM images, in the right
column of Fig. 3, represents the antiferromagnetic coupled
magnetic domains, where the size of magnetic domains
increases with the increasing Mn content. The magnetic do-
main size of Mn,Fe;_ Oy films are ~120, ~165, and ~220nm
for x=0.12, 0.40, and 0.65, respectively. Compared to the
sample with x=0.12, the MnggsFe, 3504 film increases by
~80% in magnetic domain size. Since the density of APBs in
Fe;0, films is mainly decided by the film thickness and sub-
strate temperature due to the diffusive motion,?® it can be
understood that the grain size nearly retains constant in the
epitaxial MnFe;_ O, films due to the same film thickness
and fabrication conditions. Therefore, by the incorporation of
Mn atoms, the antiferromagnetic coupling across APBs is
considered to be weakened, inducing the increase in magnetic
domain size. Nevertheless, more explorations are needed to
verify the reduction of antiferromagnetic coupling strength
across APBs with the incorporation of Mn atoms.

And the Verwey transition temperature of the epitaxial
Fe;0, films in magnetization was determined to be ~95K
(Ref. 27), lower than ~125 K, which was probably caused by
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FIG. 2. Total and partial majority- and minority-spin DOS calculated with
DFT+U for (a) Fe;403, and (b) Mns(B)Fe903,.
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FIG. 3. Comparison of AFM (left column) and MFM (right column) images
of the epitaxial Mn, Fe;_,O, films, (a) x=0.12, (b) x=0.40, and (c) x=0.65.

the cation vacancy during the deposition. With the increase
of number of cation vacancy on octahedral sites and intersti-
tial cations Fe’" on tetrahedral sites, entropy change at the
Verwey transition decrease with the increasing J in
Fes(1_504. Verwey transition shifts from first-order transfor-
mation to second-order one, accompanied by the decrease of
Verwey transition temperature.”® As shown in Figs.
4(a)-4(c), with the increase of Mn content, Verwey transi-
tion disappears, further indicating the inclusion of Mn into
the films. Attributed to the strong antiferromagnetic coupling
between antiphase domains and nonlinear alignment of spin
moments near APBs in the epitaxial Fe;O,4 films, the temper-
ature dependent zero field cooling (ZFC) and field cooling
(FC) magnetizations always show significant branch at high
temperatures.”’ The divergence of the ZFC and FC branches
at high temperatures gets smaller with the increase of Mn
content, which originates from the decrease of antiferromag-
netic coupling strength between the antiphase domains. In
order to directly observe the trend of antiferromagnetic cou-
pling strength with Mn content, the exchange bias fields
(Hp=|Hcy — Hc-|/2) of the Mn,Fe;_ O, films were investi-
gated through 70 kOe field cooling to 5K. To train the
exchange bias between the antiferromagnetic APBs and
domains, the magnetic field cycled for four times. As dis-
played in Fig. 4(d), the exchange bias diminishes with the
increase of the cycle number and Mn content, directly dem-
onstrating the reduction of antiferromagnetic coupling
strength with the increase of Mn content.

The normalized room temperature magnetizations
(M/M7¢ roe) of the epitaxial Mn Fe;_ O, films are given in

J. Appl. Phys. 114, 213902 (2013)
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FIG. 4. Temperature dependence of ZFC and FC magnetization (H =500 Oe)
of the Mn,Fe; O, films, (a) x=0.12, (b) x=0.40, and (c) x=0.65. (d)
Dependence of exchange bias on magnetic field cycle numbers with the cool-
ing process from 300K to SK at 70 kOe. (e) Normalized magnetization
(M[M70 xoe) of the Mn,Fe;_, O, films. (f) Dependence of saturation magnetiza-
tion on Mn content. The solid lines in (d) and (f) are guide to the eyes.

Fig. 4(e) to show the low field magnetization behavior.
Attributed to the weaker antiferromagnetic coupling strength
across APBs, the low field magnetization saturates faster in
the samples with higher Mn content, which was also observed
in the epitaxial Fe;0, films with different buffer layers reduc-
ing the density of APBs." Figure 4(f) shows the dependence
of room temperature saturation magnetization on Mn content.
The magnetization slightly increases with Mn content from
~310emu/cm’® (x=0.00) to ~380emu/cm’® (x=0.65). The
increase of magnetization is considered to be caused by the
main substitution of Mn?" (5 ug) for Fe*™ (4 L) on B sites in
the Mn,Fe;_, O, films, inducing an increase of net moments
between A and B sites. Compared to the saturation magnetiza-
tion in bulk ~480emu/cm’, the relatively lower saturation
magnetization of the epitaxial Fe;O, films in Fig. 4(f) is corre-
lated with more occupation disorder including the partial
cation vacancy (Fe*™ 4 ug or Fe®™ 5 up) on B sites and inter-
stitial cations Fe>™ on A sites.”®

The magnetotransport properties of the Fe;O, films are
accepted to be dominated by the antiferromagnetic coupling
across APBs. According to the spin-polarized transport
across APBs, the magnetoresistance is expressed as'’

MsHd?

MR o< ==
JAFJF

ey
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where Jar and Jg are the antiferromagnetic coupling
strength across APBs and ferromagnetic coupling strength
in the antiphase domains, respectively. Mg is the saturation
magnetization and d the internal spin chain distance across
APBs. As shown in Fig. 5(a), the linear field dependent
magnetoresistance of the Mn Fe;_ O, films at 200 K slightly
increases with the Mn content. Although spin chain dis-
tance d will increase correspondingly with the incorpora-
tion of Mn atoms, the MR ratio will be rarely affected by
the slight increase of d because of the rather small lattice
expansion in Fig. 1(c). Together with the saturation mag-
netization in Fig. 4(f), the relation of exchange interaction
constant J/fFJ; ! on Mn content x could be estimated from
the MR value, as displayed in Fig. 5(b). The normalized
exchange interaction constant |J§F]l; 1\ decreases with the
increasing Mn content. In order to understand the depend-
ence of |JA2FJ1:1 | on x in Fig. 5(b), Jr and J or should be esti-
mated individually.

To evaluate Jg in the antiphase domains directly, the
interaction J; of Fe**"(B)-O-Mn>"(B) and antiferromag-
netic exchange interaction J, of Fe**(A)-O-Mn>"(B) were
calculated according to the Heisenberg model

H=-2%"J;S:-S, )

i>j

where the quantum-mechanical Heisenberg Hamiltonian
with § =5/2 (Fe**, Mn*") or 2 (Fe*™) was taken. The energy
for the Mn;(B)Fe,305, with different magnetic configura-
tions can be written as

MR (%)

-
o
T

Normalized J°, /J_
o
©

0.0 0.2 0.4 0.6
X

o
o

FIG. 5. (a) Magnetic field dependent magnetoresistance of the epitaxial
Mn,Fe;_ O, films at 200K. (b) Mn content dependent normalized \JKFJ; ! |
calculated by linear magnetoresistance according to Ref. 17, and the line is a
guide to the eyes.
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5 5 5 5
EAFM:E0+4.625><2><§><§~J2+6><§x (§+2> i,

(3a)

5 5 5 5
EFM:E0—4.625><2><§><§-J2—6><§>< (2+2) -Ji.

(3b)

Hence the calculated total energy difference AE can be
expressed as

AE; = Expm — Erm

5 5 5 5
:4.625><4><§><§~J2+6><2><§>< (2+2) -Ji.

(4a)

B site substitution Mn for Fe with another Fe-O-Mn coordi-
nate number was considered

AEyq = Eapm — Erm

5 5 5 5
:4.5><4><§><§~]2+6><2><§>< (5—&—2)-]1.

(4b)

From Egs. (4), J, and J, for Fe-O-Mn were calculated to be
8.62 and —15.46 meV, respectively. Similarly, the exchange
Jy and J, for Fe-O-Fe were obtained to be 37.78 and
—41.55meV, respectively.

It was found that J; for Fe-O-Mn among B sites is
smaller than that of Fe-O-Fe, so the ferromagnetic coupling
strength Jg (x |J; — J3|) in antiphase domains for Mn doped
Fe;0, is smaller than that in Fe;O,4 due to the additional dou-
ble exchange interaction between Fe?™ and Fe". Therefore,
as displayed in Fig. 5(b), the decreasing normalized
exchange interaction constant \JZFJ; 1| with the increase of
Mn content should originate from the much faster reduction
of J or across the APBs with the incorporation of Mn atoms.

While Mn was doped in the epitaxial Fe;0, films, besides
the superexchange interaction Fe-O-Fe, the interaction between
Mn(B)-O-Mn(B) or Mn(B)-O-Fe(B) should also be taken into
account to evaluate the antiferromagnetic coupling across
APBs. Given that the larger ionic radius of Mn2+(0.970 10%) than
Fe?™ (0.920 1&) and Fe’" (0.785 ;\), the distance between Mn
and O in the Mn,Fe; O, films is larger than that between Fe
and O in Fe;0, films near APBs. Therefore, partial superex-
change interaction Jr Fe(B)-O-Mn(B) and Mn(B)-O-Mn(B)
across APBs in the Mn, Fe;_ O, films is weakened due to the
larger Mn-O distance.

IV. CONCLUSION

In conclusion, the antiferromagnetic coupling strength
Jar across APBs in our highly conductive epitaxial Fe;Oy4
films was weakened by Mn incorporation, which was demon-
strated by the larger magnetic domain size, faster saturated
hysteresis loops, smaller exchange bias, and larger magnetore-
sistance. The decrease of Jr with the increase of Mn content
x is caused by the larger ionic radius of Mn”>" than those of
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Fe?™ and Fe’". Meanwhile, it is proved that the 100% spin
polarization near Fermi level can be maintained in the Mn
doped Fe;O,4. This result provides the way to pave the obsta-
cle, strong antiferromagnetic coupling across APBs, for the
applications of Fe;Oy, films in spintronics.
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