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Atomic arrangement and magnetic properties of LaFeQ-LaMnO ; artificial superlattices
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Artificial superlattices of LaFe@LaMnO; were formed on SrTigi111), (100), and (110 substrates with
various stacking periodicity using a pulsed laser deposition technique, and their magnetic properties were
controlled by altering the ordering of magnetic iofi®e or Mn). For superlattices constructed on tfiel1)
plane, all the superlattices showed ferromagn@iderrimagneti¢ behaviors and the same Curie temperatures
(Tc) at 230 K. The magnetization was reduced as the stacking periodicity of the superlattices decreased. On
the other hand, in the case of superlattices formeddi®) or (100 substrates, the increase of the spin
frustration effect at the LaFe£ aMnO; interface with decreasing the stacking periodicity caused a reduction
of Tc and magnetization. In particular, spin-glass-like behavior was observed in superlattices of less than 3/3

stacking periodicity[S0163-1829)50442-9

Materials that do not exist in nature can be created artifitration effect of(111) superlattices becomes larger than that
cially using the method of depositing superlattices with theof the (100 superlattices in terms of their spin structure. This
layering of different materials on an atomic or molecularmethod even allows a spin frustration effect to be introduced
scale. The method can be applied to a wide range of fieldartificially into the system. The LaMnglLaFeG; artificial
such as the fabrication of new superconductors, magnetisuperlattices were formed according to these concepts.

and ferroelectric materials, etc. New materials with unique

Magnetic artificial superlattices were constructed by

physical properties are constantly being credtddowever,  stacking LaMnQ and LaFeQ layers on(111), (100, and
the atomic order can only be controlled in the direction par{110 SrTiO; substrate using a multitarget pulsed laser depo-

allel to the film plane(i.e., one-dimensional contngland
current techniques do not support three-dimensional control
of the atomic order.

In an earlier study, we demonstrated that the control of
the arrangement of magnetic ions, i.e., the spin order, could
be controlled by constructing artificial superlattices with
various stacking directions and periodicfty. Pseudo three-
dimensional control of the atomic order was achieved by the
method.

In this paper, LaMn@LaFeQ artificial superlattices
were formed on SrTi@(111), (100, and(110 planes with
various stacking periodicity, and their magnetic properties
were controlled by managing the ordering of the Mn and Fe
ions. LaFeQ is antiferromagnetic (Fé-O-F€* superex-
change interactionand has aG-type magnetic structure
(inter- and intralayer spin coupling are antiparalfel’ On
the other hand, LaMngfilms exhibit ferromagnetic behav-
ior with a Curie temperature of 130 K for La deficiency
(La;— MnOy,).2 In this paper, the ferromagnetic L. gMnO;
is noted as LaMn@

For artificial superlattices constructed on 1id.1) plane,
ferromagnetic interactions should be introduced at the Mn-Fe
interface because the FeO-Mn3'superexchange interac-
tion is considered to be ferromagnetic according to the
theory of Goodenough-Kanamdrt® As a result, ferromag-
netism should appear in the superlattice with one-layer by
one-layer(1/1) stacking periodicity(see Fig. 1

On the other hand, for superlattices constructed 1)
and (110 planes, a spin frustration effect occurs at the
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FIG. 1. Schematic models of spin structures in LaMia@FeQ,

LaMnOs-LaFeQ; interface because the LaMgUiilm is  artificial superlattices grown ofl11), (100, and (110 surfaces.
ferromagneti® and LaFeQ is antiferromagnetic with a Here AF and FM means antiferromagnetic and ferromagnetic, re-
G-type spin structufe’ (Fig. 1). The spin frustration effect spectively. Fo100) and (110 superlattices, thex signs show the
increases as the stacking periodicity decreases. The spin frusteractions where the spin frustration effect occurs.
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sition (PLD) techniqué’® LaMnO; and LaFeQtargets were (@) (111)

prepared using standard ceramic techniques. All the films P SRS RANRIEY S s R Ao o

were formed at 590 °C in an oxygen/ozof&%) ambient oo ] ,
pressure of X 10”2 Torr with an energy density of 0:51 v
mJ/cnt. The deposition rate was 10—20 A/min. The total B
thickness of the films was 800—1000 A. The thickness of 10 [
individual layers were controlled by the number of laser SR s T
pulses.(The deposition rate from LaFe@nd LaMnQ tar- : \

gets were calibrated against the number of laser pul$es. ‘ |
structure of the lattices was characterized by x-ray diffraction 0 50 100 150 200 250 300 350 400
(26—6 scan using a CuK, source (Rigaku:RINT 2000. T(K)

Surface morphology was observed by atomic force micros-
copy (AFM) (Digital Instruments—Nanoscope JlIMagnetic
measurements were performed using a commercial supercon-
ducting quantum interference devic®QUID) magnetometer
(Quantum Design MPMS-5Swith the magnetic field ap-
plied parallel to the film plane.

The crystal structures of the LaMp@aFeQG, superlat-
tices on SrTiQ(111), (100, and (110 were studied using
x-ray diffraction. All the films showed a single phase and
had a preferred orientation normal to the surface of the sub-
strate. Typical features of superlattices were observed. IEa
particular, for a superlattice formed or{HL1) substrate with

a one-layer by one-layefl/1) Stafkmg perIOiZiICIty, small LaMnQ; film (A) in a magnetic field of 0.1 T. The inset shows
peaks were ob_served a2 19.8 and_ 61'6_ due to the an enlargement of th®1-T curves of(111) superlattices with 1/1,
double perovskite features. The reflection high-energy elec5/5’ and 9/9 sequencegb) Schematic spin structures of the
tron diffraction (RHEED) patterns show streaks which also | y\mno,-LaFeq, superlattice with 1/1, 3/3, and 5/5 sequence on a

indicate that the superlattices are epitaxially formed on they11) plane. Each arrow shows the synthesis of the spin moment of
(111, (100, and (110 surfaces. The results of the X-ray magnetic ions in eacti1l) surface.

diffraction and the RHEED measurements indicate that the
LaMnOs-LaFeQ superstructures were sufficiently well served in the 1/1 superlattice. The saturation magnetization
formed. (M) of the superlattice was measured to be about 30 emu/g

In addition, the morphology of the superlattice on the(=1.3ug/site) from the hysteresis curve measured at 6 K
(111 substrate was observed using an AFM. The averaggFig. 3a)]. However, the value ofl is estimated to be 103
roughness R,) and mean-square roughnesRyg) of the  emu/g =4.5up/site) for the MrE*(d%-O-Fet-(d°) state
film surface(area: 1umx1 um) were found to be 1.7 and theoretically. The measured value, therefore, is relatively
2.2 A(i.e., less than one layemespectively, indicating that small compared with the above estimate. We suppose that
the artificial superlattice was well formed at the atomic level.the reduction oM, is caused by the complex effect arising

Magnetization versus temperature curké-( curves of  from the partial displacement between Fe and Mn
LaMnOs-LaFeQ artificial superlattice$1/1-30/30 sequenge jons, charge separation and/or disproportion between Fe and
on SrTi0y (111 are shown in Fig. @). A magnetic field of Mn as seen in LaM§C0y =05 (or LaMny =Ni <O3) ordered
0.1 T was applied parallel to the film surface, The magnetigerovskite§'~*?and the deviation from stoichiometry due to
property of the 30/30 superlattice resembles that of the origithe La and/or oxygen deficiency. In the first case, a 10%
nal LaMnQ; film. The properties of LaMn@and LaFe@  displacement of Fe by Mn ion causes the valudvofto be
can be observed independently in superlattices with stackingoo of the theoretical value. When charge separation be-
periodicity greater than a 30/30 sequence, and the propertyeen Fe and Mn ions (Bé+Mn3"—Fe&*+Mn*")occurs,
of LaMnO; was strongly apparent in the temperature 5-40Qss described in the second caség becomes 80 emu/g
K because the magnetization of LaM§® much larger than  (=3.54;/site). Annealing of the 1/1 superlattice was per-
that of the LaFe@ formed at 500 °Qless than deposition temperatueith O,

For the 1/1-9/9 sequences, the magnetization increases ﬂ§W|ng to remove the oxygen deficiency_ The magnetic be-
the stacking periodicity decreases. It must be noted that ajavior after annealing did not change from that seen before.
the superlattices show the same Curie temperatuirgp ¢f The Curie temperature of superlattices with 1/1-9/9 se-
230 K. The change of magnetization and the sdigevalue  quences is constaffig. 2(@)]. The fixedT of 230 K can be
may be explained as follows. Figuréh2 shows that the ratio  explained based on the fact th#t is determined by the
of spins which contribute to the magnitude of magnetizationayerage of all magnetic interactions. For a superlattice with
increases as the stacking periodicity decreases, i.e., an i8/3 sequences, the total magnetic interactidp.) is ex-
crease of the number of Fe-Mn interfaces, because the Spilﬂﬁessed by the following relation becauke re, Iynmn, and

of the magnetic ions (F& or Mn®") on each(111) plane are  j__ .- each accounts for 1/3 of all the magnetic interactions
aligned in the same direction. As a result, the magnetizatioNsee Fig. 2b)]:

increases when the stacking periodicity is reduced. Ferro-
magnetic (or ferrimagneti¢ behavior in particular is ob- 3/3:3i0ta= [ (Ire-ret Inn-mn) T Jre-mnl /3,

M(emu/g)

‘_
—
‘__._

lvvv :

5/5

FIG. 2. (a) Temperature dependence of magnetization for
MnO;-LaFeQ, superlattices formed on SrTi@111) with various
stacking periodicity(1/1-@, 5/5{1, 9/9-¢, and 30/30¥), and for
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various stacking periodicity2/2-@®,3/3-0,11/114), and for the
FIG. 3. Hysteresis curves of LaMnQaFeQ superlattices | amno, film (A) in a magnetic field of 0.1 T with different cooling
formed on SrTiQ (111) with (a) 1/1 and(b) 5/5 stacking periodic-  [zero-field cooling(ZFC) and field cooling(FC)] processes. The
ity, and (c) that of the LaMnQ film at 6 K. inset shows magnetization versus temperature curves of a 2/2 su-
perlattice on(100 substrate with different cooling processes in
where Jee.rer Ivn-mn, and Jee.un represented the magnetic fields of 0.005(0) and 0.1 T(®), respectively(b) Magnetization
interactions between B&Fe", Mn®"-Mn3", and versus temperature curves of 2/2 superlattices(190 (®) and
Fe**-Mn3* ions, respectively. For superlattice with 5/5 and (110 (A) substrates with different cooling process.
717 stacking periodicity, the total magnetic interactions are
given as follows based on the same concept. [(N—=1)a(JIpe.rst Inn-mn) T 28I remnl
Jiota™ 2N : 2

515:3tota= [2(Ire-ret Inn-mn) T Ire-mnl /5, ) ) ] )
The experimental values were applied to this equation. The
) _ experimental) values were calculated using mean-field ap-
1IT-Jt0tar=[3(Jre-re Inn-tan) + Jre-aanl/7- proximation(nearest-neighbor interactions were only consid-

From these results, the total magnetic interactions can b%red. With «=0.5 andg=1, the experimental values were

) ! .. successfully reproduced, suggesting that the interactions be-
generally expressed as a function of the stacking perlod|C|t¥ Fo-F d Mn-Mn i kened anifi
as follows: ween Fe-Fe and Mn-Mn ions are weakened more signifi-

cantly than the interaction between Fe-Mn and the interfaces.
Only oneT¢ is observed when the stacking sequence is
N/N-J _[IN=1)(Jre-ret Ivn-mn) +2re-nl (1)  short(1/1-9/9, and theT originating for the single LaMn®
total 2N ’ phase is observed when the stacking periodicity is 168§é
30). (The Ty originating from LaFe@ in the superlattice
whereN indicates the stacking periodicity of artificial super- with larger sequence is not confirmed because of the tem-
lattices. perature limitation of four instrumentThe behavior of these
Factors that weaken superexchange interactions, such asperlattices agrees well with the results from Abatral '°
interfacial  imperfections characteristic of artificial on CoO/NiO superlattices and those of Raneisal!’ on
superlattice$®~>® and oxygen and La deficiency, must be FeF,/CoF, superlattices.
considered in order to calculate the values of the magnetic Furthermore, unusual behavior was observed in the hys-
interaction precisely. The parametersand 8 are added to tersis curve with 5/5 stacking periodiciffrig. 3(b)]. Broad
Eq. (1) to take the effects into account. Equatidn is trans-  hysteresis with a coercive fieldH¢) at 0.15 T was observed
formed into Eq.(2) by the procedure. in a superlattice with 1/1 stacking periodicftyig. 3a@]. The
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hysteresis curve for LaMngJFig. 3c)], on the other hand, plain this behavior, magnetization versus temperature curves
shows the slim shape characteristic of soft magnetic materivere measured for a 2/2 superlattice at different applied
als. The superlattice of 5/5 stacking periodicity exhibits amagnetic fields(0.005 and 0.1 ¥ using different cooling
complex hysteresis curve such as that produced when tH¥ocessedsee inset of Fig. @]. The magnetic behavior
properties of a superlattice with 1/1 stacking periodicity anddiffers depending on whether the sample is cooled W)
LaMnO; are mixed. The hysteresis curve was considered t§" Without(ZFC) an applied field. A sharp cusp at about 65

reflect the properties of both the Fe-Mn interface and is observed in the ZFC sample when the applied field is

LaMnO,. The reason for such unique hysteresis is as foI_0.005 T, but this cusp loses its sharpness and becomes a

| broad maximum, and moves to a lower temperature when the
Owl\jl | inned by the Fe-O-M h ._applied field is increased to 0.1 T. This behavior is one of

n layers are pinned by the Fe-O-Mn superexchange Ngjaar evidences for the spin-glass state. The increased spin-
teraction at the interface, and the layers become magnetical

. : ustration effect caused by the reduced stacking periodicity
harder. The effect of the Fe-Mn interaction can reach onlyg54s to the formation of a spin-glass-like phase. This is

the nearest or second-nearest adjacent layers because g sed by the competition between ferromagnetism in
magnetic interaction is short range, with the other layers rege-Mn and Mn-Mn, and antiferromagnetism in Fe-Fe.
taining the original LaMn@ characteristics. From these re-  The superlattice formed ori110) substrates with 2/2
sults, the length for conveying the interactions at the interstacking periodicity also shows spin-glass-like behaj#idg.
face, i.e., correlation length of the spin, is supposed to be lesf{b)]. The magnetic field was applied parallel to ff@91]
than two layers. direction in the(110 and (100 superlattices to avoid the
The magnetization versus temperature curves fomagnetic anisotropy effects. The magnetization at the glass
LaMnOs-LaFeQ artificial superlattice (2/2,3/3,11/1 se-  temperature ) is about 1/3 that of th€100) superlattice.
quencg on SrTiG(100 and on the LaMngfilm (LMO) as a  This is caused by the larger frustration effect than that of the
reference sample are shown in Figa( The inset shows the (100 superlattices as shown in Fig. 1. The number of bonds
magnetization versus temperature curves of 2/2 superlatticeghere the spin frustration effect occurs in 4.0 superlat-
on the(100) substrate with different coolingzero-field cool-  tice is twice as large as that in tH&00) superlattice per
ing (ZFC) and field cooling(FC)] processes and different eight-metal unit cel(Fig. 1), which correlate well with the
magnetic fields. For superlattices formed (@00 and(110  suppression of the magnetizatiétV2~1/3). In the case of
substrates, the magnetic properties differed significantly110) superlattices, the spin frustration effect is twice as
from those of(111) due to the spin frustration effect. For great as that of th€100) superlattice.
superlattices of larger stacking periodicity, the properties of To summarize, LaMn@LaFeQ artificial superlattices
LaMnO; and LaFeQ are highly distinct. The properties of were constructed on SrTigd(111), (100, and (110 sub-
LaMnQ; appear strongly in the temperature range of 5-40Gtrates using laser MBE methods and their magnetic proper-
K because LaMn@shows a larger magnetization than the ties were evaluated. The magnetization of superlattices con-
antiferromagnetic LaFeQ In contrast to the results from structed on the(111) plane increases as the stacking
superlattices on SrTi(111) substrates, the magnetization periodicity decreases, and the superlattice with 1/1 stacking
and T, of superlattices on(100 substrates decreases as periodicity exhibited ferromagnetior ferrimagneti¢ behav-
stacking periodicity decreases, and the magnetization béer. For (100 and(110 superlattices, on the other hand, the
comes unsaturated. The ferromagnetic properties of LajMnOspin frustration effect increases with lower stacking period-
are weakened by the neighboring Lakd@yer because the icity and spin-glass-like behaviors was observed in superlat-
spin frustration effect occurs at the Mn-Fe interface. To exdices with a stacking periodicity of less than 3/3.
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