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The magnetic response of a ferrimagnetic/ferrimagnetic superlgtieg), (20 A)/Mn;O, (80 A)],00, is
measured as a function of external figld50—50 kOg¢ and temperaturé¢5—300 K. A compensation point
(T¢p) is identified ~33 K at which the remanence changes sign and low-fiéi@ curves show minima,
indicating that the net moments of &g and MO, are antiparallel. At temperatures~50 K, the magnetic
response becomes pure;Bg-like. DetailedM-H curves(at T<<50 K) further exhibit magnetic phase transition
at higher external field. A8l is aboveH* ~10 kOe, the magnetization is enhanced and then saturatés at
~40kOe. These phases are similar to the twisted phases, originating from a competition between Zeeman and
exchange energies, previously observed in antiparallel metallic multilaydisT Anagnetic phase diagram of
the present superlattice is presented and five phases are included: 0g-&ligned, FgO,-aligned, twisted,
ferrimagnetic saturated, and pure;8g phasesM-H curves also show asymmetry at temperatures below and
aboveT,, which is probably related to the anisotropy effect of J@p (tetragonal structuje The fundamental
mechanism of the antiparallel coupling betweensMnand FgO, is also discussed.
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[. INTRODUCTION this paper, we extend to detailéd-H and M-T measure-
ments of this ferrimagnetic superlattice and find interestingly
One of the major differences between ferrimagnetic ox-that this system also shows various phase transitions at dif-
ides and ferromagnetic metals is that their magnetization hagrent external fields. These transitions are basically origi-
a different temperature-dependent respdris@ue to the nated from a competition between Zeeman and exchange
competition between the noncompensated antiferromagnetRnergies, but due to the layer structure the new phases appear
spins in different crystalline sites, the temperature-dependert relatively low external fields. At least five phases are ob-
magnetization of ferrimagnetic oxides may exhibit differentS€"ved and classified inta-T phase diagram. The magnetic
shapes and sometimes may even change sign at certain tefUPling strength is then estimated and compared with a me-
peratures (compensation points Bulk samples such as tglllc system. 'Flnally, 'the fundamental mechamsm. of t'he an-
Lig sFe »:Cry 550, have shown this peculiar reversal behav-t'ferrom""gm':'tIC coupling between §& and MnO, is dis-
ior and those experimental results have actually become %USSEd'
crucial test for Nel's theory of ferrimagnetism.However,
the magnetic configurations in those materials are more com- Il. EXPERIMENT
pIi(_:ated than a pure spine] strucf[ure ar_1q many phys_ical Prop- A series of FgO,/MnsO, superlattices were grown on
erties(such as compensation pojiatre difficult to predict. I \Mgo(001) by molecular-beam epitaxy, which is similar to
a recent paper, the magnetic response of a new class @fe previous growth of oxide superlattic®$Briefly, metal-
ferrimagnetic/ferrimagnetic superlattice, 328/Mn;0,4, has  Jic vapor generated from two high-temperature Knudsen
shown a similar reversal behavior indicating that the momengells is oxidized in a plasma oxygen environment and alter-
of Fe;0,4 and MnyO, are antiparallel to each oth&Relative  natively deposited on the substrate. M@O1) substrate is
to previous studies on ferrimagnetic/antiferromagnetic oxidechosen mainly because of its high chemical stability and
superlattices;’ the study focused on the direct magnetic relatively low lattice mismatch with respect to the film to be
coupling between two ferrimagnetic materials. One of thegrown. The deposition rate is'50 A/min and the growth
advantages of a superlattice sample is that its well-definetemperature is~300 °C. In-situ reflection high-energy elec-
layer structure substantially reduces the complexity of theron diffraction(RHEED) and ex-situx-ray diffraction were
data analysis. For instance, the magnetic behavior of thisarried out to analyze the crystalline quality of the films.
superlattice becomes very similar to a purg@sfilm as the  RHEED patterns taken during the growth indicate that the
temperature increases above theof Mn;0, (~43 K), in-  films are epitaxial in plane. The x-ray diffraction, which ana-
dicating that both F®, and MO, layers still maintain lyzes the lattice spacing along tkalirection, shows that the
their own magnetic properties. Also the compensation poinaverage lattice constant varies as a function of the relative
(~33 K) can be estimated from the relative volume andthickness of the constituent layers and the superlattice struc-
temperature-dependent characteristics of parent compoundsre becomes unstable at some critical thickness. These re-
Therefore, a more detailed study of this system may providsults are different from low misfit oxide superlattices as stud-
an opportunity to explore fundamental insights such as théd previously. A detailed discussion of the growth of these
magnetic coupling and anisotropy of ferrimagnetic oxides. Inarge misfit oxide superlattices is given elsewh€ré&he
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magnetic response of k&,/Mn;0, superlattices was carried 200 ’,,/»-;””'
out by a superconducting quantum interference device 100 e
(SQUID) magnetometer with a temperature range of 5-300 0 ////'
K and a magnetic field up to 50 kGeDnly the results mea- 100 o
sured with the external field parallel to the film surface are 200] 15K
discussed in this communication. :

200 e

100 o

Ill. RESULTS AND DISCUSSION 0 2
The magnetic properties of pure J83 and MnyO, thin -100 ,;/

films have been studied firSt.The results of FgD, are simi- 2001 30K
lar to a previous report where the saturation magnetization 200 -
(M) is ~450 emu/cmwith weak anisotropy. The saturation 100) 33K ',‘/‘;;?‘5"; yz
magnetization of the MyO, film is ~150 emu/criand T, is /"’" f
~43 K both of which also consistent with recent repdts’ . 0 il o
In addition, Mn,O, has strong anisotropgue to its tetrago- = o0 5010000 .
nal structurg¢ where the spins prefer to run parallel to the S 200 .
film surface rather than perpendicular to the surface. Notice g 200 P
that because of the difference Th and M4 between FgO, L 100
and MnyO,4, the magnetic properties of these superlattices are b 0 /
critically related to the layer sequencing and layer thickness -100 p
(see below Figure 1 represents a set M-H curves of 200] - 35K
[Fe;0, (20 A)/Mng0, (80 A)]4,0 measured at different tem-
peratures. A strong temperature dependence of these curves 200 e
can be clearly seen. Thd-H curves measured at 55 K and 100 7
above(not shown are basically similar to the result of a pure 0 ;,/
Fe0, film (because MO, already becomes paramagnetic 00T 40K
at those temperatures, see belofhe saturation magnetiza- -200] "~
tion (M) at 55 K is~130 emu/cri Note that this value is 200
obtained by normalizing the whole volume of the 100 g
Fe;0,/Mnz0, superlattice. If it is only normalized by the 0 W
volume of FgO,, the magnetization should be about four 100 J
times larger~650 emu/cm, which is somewhat higher than 7} e 55K
the bulk magnetization of E®, (~500 emu/cm). At tem- -200 <
peratures less then 55 K, thd-H curves change dramati- -60000-30000 0 30000 60000
cally. First, there seems to be a low-field stage arotind H(Oe)
~0 with reducing remanence and hysteresis as the tempera- _ _
ture gets close td—Cp ~33 K, and atT:TCp’ both rema- FIG. 1. Magnetlc hysterESIS curves for a

nence and coercivity vanisisee the inset at 33)KSecond, ~[F&04(20 A)/Mns0, (80 A)],x superlattice measured at different
these curves open other loops at fields greater thad kOe .temperatures. The applied flelq is parallel to the film surface. The
and smaller than-10 kOe and the magnetization increases!"Set at 33 K clearly shows, with expanded scale, that both rema-
substantially beyond these critical external fields. Noticg"ence and coercivity vanish aiif' at this temperature is'5 kOe.
that, however, théM-H curves are not quite symmetrical at _ ) )
lower and higher temperatures with respectTig,. This briefly descnped as follows: AT<TCp_ and with relatlvely
asymmetry is probably due to the anisotropy effect and willow external field, the magnetic state is ¥ dominant and
be discussed in more detéfiee below Third, the magneti- parallel to the external field while E®, is antiparallel to the
zation saturates at fields greater thaa0 kOe and the satu- field. At T>Tc,, it becomes F©, dominant and parallel to
ration magnetization of F©®,/MnsO, is ~250 emu/c,  the external field while MgO, is antiparallel to the field. At
which is very close to the expected average value of purd = Tcp, both moments are equal but opposite to each other,
Fe0, and M0, so remanence and coercivity vanigiin antiferromagnetic
Since a theoretical model is not yet available for thestate. Moreover, if the external field increases beyond a
present magnetic response, we notice that these results g#dtical value H*, the aligned magnetic state undergoes a
qualitatively similar to the magnetic response of a Gd/Fetransition to a twisted phase in thatJ8g and MnsO, spins
multilayer system. Gd/Fe multilayers are a typical antiparalform an angle with the external field.The formation of a
lel system, which has been studied in detail by Camleywisted phase is due to the balance between Zeeman and
and coworkers theoretically and by Cherifet al, exchange energies and it is similar to a domain-wall structure
experimentally:3~*1f we use the terminology introduced in or a spin-flop phase in an antiferromagnetic material. The
the Gd/Fe system, the magnetic respofwethe phase dia- angle between R®, and MrgO, moments continues to de-
gram observed from the R®,/Mn;0, superlattice can be crease and the total magnetization increases until the total
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FIG. 2. M-T curves for a[ Fe;0, (20 A)/Mn;0, (80 A)],,o Su-

perlattice. The applied field is varied from 0-50 kOe parallel to the

film surface and the sample is magnetized with a 50 kOe field at 5 F!G- 3. H-T phase diagram of a[Fe0,(20 A)l
K originally before the measurements are carried out. Mn30, (80 A)] o superlattice deduced from experimenttiH and
M-T results.

moment is saturated at a higher field. As mentioned earliefhe external field is greater than a critical value. Moreover,
these results are very sensitive to the relative layer thicknesge notice that there are other unique temperature-dependent
of constituent layers. Since the magnetization ofs®nis  features of these data: First, not only the remanence curve
only ~ 3 of Fe;0, and theT,, of MngO, is lower, a necessary changes sign but the curves measurediatl and 2 kOe
condition for having a compensation point in;8g/Mn;O,  also show negative magnetization at certain temperatures.
superlattices is that M@, has to be three to four times Second, the lower-field<20 kOg results are different on
thicker than FgO,. The present superlattice with MB, (80  the warming and cooling curveghermal hysteresjs The
R) and FgO, (20 A) in thickness is a reasonable choice. Fornegative magnetization only exists on the warming curve but
Fe;0,4/Mn30, superlattices with thicker constituent layers, not on the cooling curve, which indicates that the negative
the magnetic response still shows negative remanence, indinagnetization is due to a metastable state. These metastable
cating that antiparallel coupling remains betweegdzeand  states are probably related to the magnetic anisotropy of this
Mn;O,. However, the interface effect becomes limited superlattice. Because M@, has tetragonal symmetry, it is
(domain-wall structureand the phase diagram is sensitive to highly magnetic anisotropic. It seems that it is relatively
layer thickness’ It also needs to be pointed out that al- harder to convert a MyD,-aligned state to a E@,-aligned
though FgO,/Mn;O, and Gd/Fe exhibit similar magnetic state than vice versa and a M0 state tends to persist to a
phases, these two systems are fundamentally different. It isigher external field or a higher temperature. Actually this
known that a ferrimagnetic material itself has opposite butanisotropy-induced asymmetry has been also showi-¢h
unbalanced spins i\ and B sites. Relative to Gd/Fe, in curves(Fig. 1, T=30 and 35 K; more detailed discussion
Fe;0,/Mn30, superlattices it must be the net moments ofabout this anisotropy effect will be studied in the future.
Fe0, and of MngO, that are antiparallel coupled at a low  After analyzing theséM-H and M-T curves, a phase dia-
external field and become twisted at a higher external fieldgram is obtained in Fig. full circles are obtained from
The antiparallel states and various magnetic phases aM-H and empty circles fronM-T measurementsin total,
further confirmed by temperature-dependent measurementive phases are identified, namely, the J@g-aligned,
Figure 2 shows a series b-T curves(5-300-5 K) measured  Fe;04-aligned, twisted, ferrimagnetic saturated, and pure
at different external fields. The sample was originally mag-Fe;0, phases. Qualitatively, this phase diagram is similar to
netized atH=50kOe andT=5 K before all the measure- Gd/Fe results but it has more phases and the compensation
ments were carried out. Again, a strong temperature and fielgoint shifts toward a much lower temperatuidue to the
dependence of these results are clearly represented. Aklatively low T, of Mn;O,). In addition, there are some
curves measured df <10kOe show a minimum~30 K quantitative differences between these two systems. For in-
(except the remanence cujvand they all saturate al  stance, the averad¢* of Fe0,/Mn30, (~10 kOg is about
>60-70K with magnetization-120 emu/c. The rema- five times higher than thel* of the Gd/Fe superlattice-2
nence curve i=0) changes sign af~33K and becomes kOe). This may indicate that the coupling between
nearly constant al >60 K. These reversal behaviors are ex- Fg;0,/Mn;0, is much stronger or more complete than in the
tremely similar to the original data of biFe ,:Cry 504, Gd/Fe systerﬁ(? Moreover, both saturated and pure;Gg
which strongly indicates that the present system has similagtates are included in the present diagram and thus it pro-
antiparallel states between &g and MnsO,. However, the  vides more information about this system. The magnetic mo-
high-field results measured &< 60 K exhibit different fea- ment in a ferrite oxide is an important parameter because it
tures that have not been observed in bulk samples. For irean be usually estimated with high accurddye to its lo-
stance, the magnetization tends to increase and gradualtalized electron characteristicSince the magnetization at
saturate aH>20kOe (the paramagnetic background from high field (ferrimagnetic saturated phasegrees with the ex-
the substrate becomes comparable to the ferromagnetic rpected average moment of the superlattice, it further supports
sponse of the ferrimagnetic film Bt>40 kOe and is difficult  the previous arguments of the present system. It may be also
to remove completely These results are consistent with the worth noting that thél . of Mn;0O, is about 10—-20 Kdepen-
previousM-H curves, which show enhanced magnetizationdent on the external fielchigher than its bulk value. Similar
(twisted phasg with a weaker temperature dependence, aproximity effect has been seen in other systeniaut the
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present field-dependent feature seems rather unique. Another (a) ®)
interesting feature is that four phases including

Fe;0,4-aligned, twisted, ferrimagnetic saturated, and pure

Fe;0, phases merge around the coordinai®0 K, 37 kOe. - Bsf‘e

Analogous to a triple point seen in a three-state phase dia- e ‘LB\S'“’ — 5

gram, it seems that a multiple phase point may exist in this - A - A

region. ™ B R -
Finally, we briefly discuss the mechanism of the antipar- - A -~ A

allel coupling between R®, and MnO,. Although the L B

magnetic phase diagram of aPa/Mn;O, superlattice is ﬂﬂ:>

similar to a Gd/Fe multilayer, their coupling mechanisms 1T — A

must be different. In metals, the sign of exchange coupling is B' site S B:

basically related to the separation distance between electrons. =T A'ste - Q,

The major origin of the antiferromagnetic coupling in a t’ B' ‘j A

Gd/Fe system is probably associated with the atomic size of A

transition metals and rare-earth elements. However, the elec- e B'

trons in oxides are more localized and the coupling mecha- 2

nism is originated by superexchange. As mentioned earlier,

ferrimagnetic oxides have different spin configurationstin ~_ FIG. 4. A schematic illustration of spin configuration along the
andB sites. According to Kel's original model the interac- (00D dlregtlon of a ferr|magnetlc/fgrrlmagnetlc pllayer. A mixed
tion betweenA and B sites is the dominant one that forces Mn-Fe-O interface is formed at the interface, which may introduce
the spins inA andB sites to be separately parallel but anti- &" antiparallel state of the bilayer system.

parallel to each other. For a spinel superlattice such as = o .

Fe,0,/Mn30,, if both layers form complete unit cells, then lattice it is by no means trivig? More expenmental_work
an A site must be followed by 8 site at the interface and needs to be done to understand this basic mechanism.
vice versa[schematically shown in Fig.(d)]. In that case,

the net moments in K®, and MO, should be parallel. IV. CONCLUSIONS
However, if they do not form complete cells or even com- . _
plete layers, mixed ferriteésuch as Fg ,Mn,0,) may be The present study demonstrates that a ferrimagnetic-

formed and an antiparallel state for the net moment betweef@rrimagnetic superlattice may give rise to antiferromagnetic
Fe,0, and MO, [shown schematically in Fig.(8)] be-  coupling at the interface. Its magnetic response shows a rich
comes possible. But it is hard to make theoretical predictionéemperature and external field dependence including a com-
in those cases. An implication of these arguments is that apensation point and various phase transitionsdA mag-
antiparallel coupling between two ferrimagnetic layers maynetic phase diagram is obtained and five phases are included.
not be intrinsic and a parallel coupling between two ferri-Due to their simple layer structure, theoretical calculations
magnetic layers may also exist depending on the interfacBay be possible in the future, that will help to understand the
structure. Actually, our recent results have shown that thénagnetic coupling and anisotropy of spinel ferrimagnetic ox-
magnetic response of some;B8/Mn;0, superlattices in- ides.
deed behaves like a parallel-coupled system. In those cases,
the magnetic remanence curve stays positive at all tempera-
tures and the magnetization suddenly increases while the
temperature cools below tfig of MnzO,. In principle, x-ray This work was supported by the National Science Council
or neutron diffraction can provide the detailed informationof the Republic of China through Grant No. NSC 89-2112-
about the interface sharpness. However, for an oxide supeki-194-012.
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