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Antiparallel state, compensation point, and magnetic phase diagram
of Fe3O4 ÕMn3O4 superlattices
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The magnetic response of a ferrimagnetic/ferrimagnetic superlattice,@Fe3O4 (20 Å)/Mn3O4 (80 Å)#x20, is
measured as a function of external field~250–50 kOe! and temperature~5–300 K!. A compensation point
(Tcp) is identified ;33 K at which the remanence changes sign and low-fieldM-T curves show minima,
indicating that the net moments of Fe3O4 and Mn3O4 are antiparallel. At temperatures.;50 K, the magnetic
response becomes pure Fe3O4-like. DetailedM-H curves~at T,50 K) further exhibit magnetic phase transition
at higher external field. AsH is aboveH* ;10 kOe, the magnetization is enhanced and then saturates atH
;40 kOe. These phases are similar to the twisted phases, originating from a competition between Zeeman and
exchange energies, previously observed in antiparallel metallic multilayers. AH-T magnetic phase diagram of
the present superlattice is presented and five phases are included: the Mn3O4-aligned, Fe3O4-aligned, twisted,
ferrimagnetic saturated, and pure Fe3O4 phases.M-H curves also show asymmetry at temperatures below and
aboveTcp , which is probably related to the anisotropy effect of Mn3O4 ~tetragonal structure!. The fundamental
mechanism of the antiparallel coupling between Mn3O4 and Fe3O4 is also discussed.
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I. INTRODUCTION

One of the major differences between ferrimagnetic
ides and ferromagnetic metals is that their magnetization
a different temperature-dependent response.1,2 Due to the
competition between the noncompensated antiferromagn
spins in different crystalline sites, the temperature-depend
magnetization of ferrimagnetic oxides may exhibit differe
shapes and sometimes may even change sign at certain
peratures ~compensation points!. Bulk samples such a
Li0.5Fe1.25Cr1.25O4 have shown this peculiar reversal beha
ior and those experimental results have actually becom
crucial test for Ne´el’s theory of ferrimagnetism.3 However,
the magnetic configurations in those materials are more c
plicated than a pure spinel structure and many physical p
erties~such as compensation point! are difficult to predict. In
a recent paper, the magnetic response of a new clas
ferrimagnetic/ferrimagnetic superlattice, Fe3O4/Mn3O4, has
shown a similar reversal behavior indicating that the mom
of Fe3O4 and Mn3O4 are antiparallel to each other.4 Relative
to previous studies on ferrimagnetic/antiferromagnetic ox
superlattices,5–7 the study focused on the direct magne
coupling between two ferrimagnetic materials. One of
advantages of a superlattice sample is that its well-defi
layer structure substantially reduces the complexity of
data analysis. For instance, the magnetic behavior of
superlattice becomes very similar to a pure Fe3O4 film as the
temperature increases above theTc of Mn3O4 ~;43 K!, in-
dicating that both Fe3O4 and Mn3O4 layers still maintain
their own magnetic properties. Also the compensation po
~;33 K! can be estimated from the relative volume a
temperature-dependent characteristics of parent compou
Therefore, a more detailed study of this system may prov
an opportunity to explore fundamental insights such as
magnetic coupling and anisotropy of ferrimagnetic oxides
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this paper, we extend to detailedM-H and M-T measure-
ments of this ferrimagnetic superlattice and find interestin
that this system also shows various phase transitions at
ferent external fields. These transitions are basically or
nated from a competition between Zeeman and excha
energies, but due to the layer structure the new phases ap
at relatively low external fields. At least five phases are o
served and classified in aH-T phase diagram. The magnet
coupling strength is then estimated and compared with a
tallic system. Finally, the fundamental mechanism of the
tiferromagnetic coupling between Fe3O4 and Mn3O4 is dis-
cussed.

II. EXPERIMENT

A series of Fe3O4/Mn3O4 superlattices were grown o
MgO~001! by molecular-beam epitaxy, which is similar t
the previous growth of oxide superlattices.8,9 Briefly, metal-
lic vapor generated from two high-temperature Knuds
cells is oxidized in a plasma oxygen environment and al
natively deposited on the substrate. MgO~001! substrate is
chosen mainly because of its high chemical stability a
relatively low lattice mismatch with respect to the film to b
grown. The deposition rate is;50 Å/min and the growth
temperature is;300 °C. In-situ reflection high-energy elec
tron diffraction ~RHEED! andex-situx-ray diffraction were
carried out to analyze the crystalline quality of the film
RHEED patterns taken during the growth indicate that
films are epitaxial in plane. The x-ray diffraction, which an
lyzes the lattice spacing along thez direction, shows that the
average lattice constant varies as a function of the rela
thickness of the constituent layers and the superlattice st
ture becomes unstable at some critical thickness. These
sults are different from low misfit oxide superlattices as stu
ied previously. A detailed discussion of the growth of the
large misfit oxide superlattices is given elsewhere.10 The
©2001 The American Physical Society21-1



d
ic
0

-
r

n
n

e
tic

a
es

-
r
d
re
tic
-

e
e
ur
n

i-

e

e
ic
at

i

-

u

he
s
/F
a
le

n

her,

a
a

and
ure
he
-
total

a
t
he

ma-

G. CHERN, LANCE HORNG, W. K. SHIEH, AND T. C. WU PHYSICAL REVIEW B63 094421
magnetic response of Fe3O4/Mn3O4 superlattices was carrie
out by a superconducting quantum interference dev
~SQUID! magnetometer with a temperature range of 5–3
K and a magnetic field up to 50 kOe.2 Only the results mea
sured with the external field parallel to the film surface a
discussed in this communication.

III. RESULTS AND DISCUSSION

The magnetic properties of pure Fe3O4 and Mn3O4 thin
films have been studied first.10 The results of Fe3O4 are simi-
lar to a previous report11 where the saturation magnetizatio
(Ms) is ;450 emu/cm3 with weak anisotropy. The saturatio
magnetization of the Mn3O4 film is ;150 emu/cm3 andTc is
;43 K both of which also consistent with recent reports.11,12

In addition, Mn3O4 has strong anisotropy~due to its tetrago-
nal structure! where the spins prefer to run parallel to th
film surface rather than perpendicular to the surface. No
that because of the difference inTc and Ms between Fe3O4
and Mn3O4, the magnetic properties of these superlattices
critically related to the layer sequencing and layer thickn
~see below!. Figure 1 represents a set ofM-H curves of
@Fe3O4 (20 Å)/Mn3O4 (80 Å)#x20 measured at different tem
peratures. A strong temperature dependence of these cu
can be clearly seen. TheM-H curves measured at 55 K an
above~not shown! are basically similar to the result of a pu
Fe3O4 film ~because Mn3O4 already becomes paramagne
at those temperatures, see below!. The saturation magnetiza
tion (Ms) at 55 K is;130 emu/cm3. Note that this value is
obtained by normalizing the whole volume of th
Fe3O4/Mn3O4 superlattice. If it is only normalized by th
volume of Fe3O4, the magnetization should be about fo
times larger,;650 emu/cm3, which is somewhat higher tha
the bulk magnetization of Fe3O4 ~;500 emu/cm3!. At tem-
peratures less then 55 K, theM-H curves change dramat
cally. First, there seems to be a low-field stage aroundH
;0 with reducing remanence and hysteresis as the temp
ture gets close toTcp ;33 K, and atT5Tcp , both rema-
nence and coercivity vanish~see the inset at 33 K!. Second,
these curves open other loops at fields greater than;10 kOe
and smaller than210 kOe and the magnetization increas
substantially beyond these critical external fields. Not
that, however, theM-H curves are not quite symmetrical
lower and higher temperatures with respect toTcp . This
asymmetry is probably due to the anisotropy effect and w
be discussed in more detail~see below!. Third, the magneti-
zation saturates at fields greater than;40 kOe and the satu
ration magnetization of Fe3O4/Mn3O4 is ;250 emu/cm3,
which is very close to the expected average value of p
Fe3O4 and Mn3O4.

Since a theoretical model is not yet available for t
present magnetic response, we notice that these result
qualitatively similar to the magnetic response of a Gd
multilayer system. Gd/Fe multilayers are a typical antipar
lel system, which has been studied in detail by Cam
and coworkers theoretically and by Cherifiet al.,
experimentally.13–18 If we use the terminology introduced i
the Gd/Fe system, the magnetic response~or the phase dia-
gram! observed from the Fe3O4/Mn3O4 superlattice can be
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briefly described as follows: AtT,Tcp and with relatively
low external field, the magnetic state is Mn3O4 dominant and
parallel to the external field while Fe3O4 is antiparallel to the
field. At T.Tcp , it becomes Fe3O4 dominant and parallel to
the external field while Mn3O4 is antiparallel to the field. At
T5Tcp , both moments are equal but opposite to each ot
so remanence and coercivity vanish~an antiferromagnetic
state!. Moreover, if the external field increases beyond
critical value H* , the aligned magnetic state undergoes
transition to a twisted phase in that Fe3O4 and Mn3O4 spins
form an angle with the external field.19 The formation of a
twisted phase is due to the balance between Zeeman
exchange energies and it is similar to a domain-wall struct
or a spin-flop phase in an antiferromagnetic material. T
angle between Fe3O4 and Mn3O4 moments continues to de
crease and the total magnetization increases until the

FIG. 1. Magnetic hysteresis curves for
@Fe3O4 (20 Å)/Mn3O4 (80 Å)#x20 superlattice measured at differen
temperatures. The applied field is parallel to the film surface. T
inset at 33 K clearly shows, with expanded scale, that both re
nence and coercivity vanish andH* at this temperature is;5 kOe.
1-2
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moment is saturated at a higher field. As mentioned ea
these results are very sensitive to the relative layer thickn
of constituent layers. Since the magnetization of Mn3O4 is
only ; 1

3 of Fe3O4 and theTc of Mn3O4 is lower, a necessary
condition for having a compensation point in Fe3O4/Mn3O4
superlattices is that Mn3O4 has to be three to four time
thicker than Fe3O4. The present superlattice with Mn3O4 ~80
Å! and Fe3O4 ~20 Å! in thickness is a reasonable choice. F
Fe3O4/Mn3O4 superlattices with thicker constituent layer
the magnetic response still shows negative remanence,
cating that antiparallel coupling remains between Fe3O4 and
Mn3O4. However, the interface effect becomes limit
~domain-wall structure! and the phase diagram is sensitive
layer thickness.10 It also needs to be pointed out that a
though Fe3O4/Mn3O4 and Gd/Fe exhibit similar magneti
phases, these two systems are fundamentally different.
known that a ferrimagnetic material itself has opposite
unbalanced spins inA and B sites. Relative to Gd/Fe, in
Fe3O4/Mn3O4 superlattices it must be the net moments
Fe3O4 and of Mn3O4 that are antiparallel coupled at a lo
external field and become twisted at a higher external fie

The antiparallel states and various magnetic phases
further confirmed by temperature-dependent measurem
Figure 2 shows a series ofM-T curves~5-300-5 K! measured
at different external fields. The sample was originally ma
netized atH550 kOe andT55 K before all the measure
ments were carried out. Again, a strong temperature and
dependence of these results are clearly represented.
curves measured atH,10 kOe show a minimum;30 K
~except the remanence curve! and they all saturate atT
.60– 70 K with magnetization;120 emu/cm3. The rema-
nence curve (H50) changes sign atT;33 K and becomes
nearly constant atT.60 K. These reversal behaviors are e
tremely similar to the original data of Li0.5Fe1.25Cr1.25O4,
which strongly indicates that the present system has sim
antiparallel states between Fe3O4 and Mn3O4. However, the
high-field results measured atT,60 K exhibit different fea-
tures that have not been observed in bulk samples. Fo
stance, the magnetization tends to increase and grad
saturate atH.20 kOe ~the paramagnetic background fro
the substrate becomes comparable to the ferromagneti
sponse of the ferrimagnetic film atH.40 kOe and is difficult
to remove completely!. These results are consistent with t
previousM-H curves, which show enhanced magnetizat
~twisted phase!, with a weaker temperature dependence,

FIG. 2. M-T curves for a@Fe3O4 (20 Å)/Mn3O4 (80 Å)#x20 su-
perlattice. The applied field is varied from 0–50 kOe parallel to
film surface and the sample is magnetized with a 50 kOe field
K originally before the measurements are carried out.
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the external field is greater than a critical value. Moreov
we notice that there are other unique temperature-depen
features of these data: First, not only the remanence cu
changes sign but the curves measured atH51 and 2 kOe
also show negative magnetization at certain temperatu
Second, the lower-field~,20 kOe! results are different on
the warming and cooling curves~thermal hysteresis!. The
negative magnetization only exists on the warming curve
not on the cooling curve, which indicates that the negat
magnetization is due to a metastable state. These metas
states are probably related to the magnetic anisotropy of
superlattice. Because Mn3O4 has tetragonal symmetry, it i
highly magnetic anisotropic. It seems that it is relative
harder to convert a Mn3O4-aligned state to a Fe3O4-aligned
state than vice versa and a Mn3O4 state tends to persist to
higher external field or a higher temperature. Actually th
anisotropy-induced asymmetry has been also shown onM-H
curves~Fig. 1, T530 and 35 K!; more detailed discussion
about this anisotropy effect will be studied in the future.

After analyzing theseM-H andM-T curves, a phase dia
gram is obtained in Fig. 3~full circles are obtained from
M-H and empty circles fromM-T measurements!. In total,
five phases are identified, namely, the Mn3O4-aligned,
Fe3O4-aligned, twisted, ferrimagnetic saturated, and pu
Fe3O4 phases. Qualitatively, this phase diagram is similar
Gd/Fe results but it has more phases and the compens
point shifts toward a much lower temperature~due to the
relatively low Tc of Mn3O4). In addition, there are som
quantitative differences between these two systems. Fo
stance, the averageH* of Fe3O4/Mn3O4 ~;10 kOe! is about
five times higher than theH* of the Gd/Fe superlattice~;2
kOe!. This may indicate that the coupling betwee
Fe3O4/Mn3O4 is much stronger or more complete than in t
Gd/Fe system.20 Moreover, both saturated and pure Fe3O4
states are included in the present diagram and thus it
vides more information about this system. The magnetic m
ment in a ferrite oxide is an important parameter becaus
can be usually estimated with high accuracy~due to its lo-
calized electron characteristic!. Since the magnetization a
high field ~ferrimagnetic saturated phase! agrees with the ex-
pected average moment of the superlattice, it further supp
the previous arguments of the present system. It may be
worth noting that theTc of Mn3O4 is about 10–20 K~depen-
dent on the external field! higher than its bulk value. Simila
proximity effect has been seen in other systems21 but the

e
5 FIG. 3. H-T phase diagram of a @Fe3O4 (20 Å)/
Mn3O4 (80 Å)#x20 superlattice deduced from experimentalM-H and
M-T results.
1-3
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present field-dependent feature seems rather unique. Ano
interesting feature is that four phases includi
Fe3O4-aligned, twisted, ferrimagnetic saturated, and p
Fe3O4 phases merge around the coordinate;~50 K, 37 kOe!.
Analogous to a triple point seen in a three-state phase
gram, it seems that a multiple phase point may exist in
region.

Finally, we briefly discuss the mechanism of the antip
allel coupling between Fe3O4 and Mn3O4. Although the
magnetic phase diagram of a Fe3O4/Mn3O4 superlattice is
similar to a Gd/Fe multilayer, their coupling mechanism
must be different. In metals, the sign of exchange couplin
basically related to the separation distance between elect
The major origin of the antiferromagnetic coupling in
Gd/Fe system is probably associated with the atomic siz
transition metals and rare-earth elements. However, the e
trons in oxides are more localized and the coupling mec
nism is originated by superexchange. As mentioned ear
ferrimagnetic oxides have different spin configurations inA
andB sites. According to Ne´el’s original model the interac
tion betweenA and B sites is the dominant one that force
the spins inA andB sites to be separately parallel but an
parallel to each other. For a spinel superlattice such
Fe3O4/Mn3O4, if both layers form complete unit cells, the
an A site must be followed by aB site at the interface and
vice versa@schematically shown in Fig. 4~a!#. In that case,
the net moments in Fe3O4 and Mn3O4 should be parallel.
However, if they do not form complete cells or even co
plete layers, mixed ferrites~such as Fe32xMnxO4) may be
formed and an antiparallel state for the net moment betw
Fe3O4 and Mn3O4 @shown schematically in Fig. 4~b!# be-
comes possible. But it is hard to make theoretical predicti
in those cases. An implication of these arguments is tha
antiparallel coupling between two ferrimagnetic layers m
not be intrinsic and a parallel coupling between two fer
magnetic layers may also exist depending on the interf
structure. Actually, our recent results have shown that
magnetic response of some Fe3O4/Mn3O4 superlattices in-
deed behaves like a parallel-coupled system. In those ca
the magnetic remanence curve stays positive at all temp
tures and the magnetization suddenly increases while
temperature cools below theTc of Mn3O4. In principle, x-ray
or neutron diffraction can provide the detailed informati
about the interface sharpness. However, for an oxide su
s.
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lattice it is by no means trivial.22 More experimental work
needs to be done to understand this basic mechanism.

IV. CONCLUSIONS

The present study demonstrates that a ferrimagne
ferrimagnetic superlattice may give rise to antiferromagne
coupling at the interface. Its magnetic response shows a
temperature and external field dependence including a c
pensation point and various phase transitions. AH-T mag-
netic phase diagram is obtained and five phases are inclu
Due to their simple layer structure, theoretical calculatio
may be possible in the future, that will help to understand
magnetic coupling and anisotropy of spinel ferrimagnetic o
ides.
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FIG. 4. A schematic illustration of spin configuration along t
~001! direction of a ferrimagnetic/ferrimagnetic bilayer. A mixe
Mn-Fe-O interface is formed at the interface, which may introdu
an antiparallel state of the bilayer system.
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