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Structural characteristics and magnetic properties of A-MnO, films
grown by plasma-assisted molecular beam epitaxy
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High-quality N-MnO, single-crystal films were fabricated on MgQ@001) substrates by
plasma-assisted molecular beam epitaxy. The structural characteristics and magnetic properties of
the films were studied. Two magnetic transition temperatures, T1 and T2, were observed from the
films. Their magnetic behavior differed from that of bulk polycrystalline samples synthesized by
removing Li ions from the parent LiMi®,. The first, T1, setting at around 20 K, corresponded to
long-range antiferromagnetic ordering similar to that observed in bulk at 32 K. T2, set at 43 K,
corresponded to weak long-range ferromagnetic ordering among net magnetization of clusters, in
which short-range antiferromagnetic ordering existed. T1 shifted to lower temperature with
decreasing film thickness, which indicated that the proximity of the interface and strain played a key
role in determining the transition temperature. 2001 American Institute of Physics.
[DOI: 10.1063/1.1377303

I. INTRODUCTION tions. Since MBE relies on nonequilibrium thermodynamic
Since Huntet reported thath-MnO,, a phase of Mn Processes, the growth of materials in a metastable phase is
oxides, could be prepared by removing Li ions from Spme"‘acilitated by careful control of growth conditi_ons. _By redu_c-
LiMn,O, while retaining the structure of the parent phase,nd the growth rate to less than 2 nm/min, high-quality
only a few articles have been reported on the structural, elec:~MnO; single-crystal films were grown on Mg@01) sub-
trochemical, and magnetic properties of bulk Spil,]e|strates. The detailed preparing of MgO substrate and growth
A-MnO,.27% In spinel structure, Mn ions occupy the octahe- Process of Mn oxides were described elsewlieFae struc-
dral sites and their magnetic sublattice consists of dural properties and surface morphology 0fMnO, films
pyrochlore-type array of corner-shared tetrahedral, which i¥/eéreé characterized by x-ray diffractiofKRD), extended
an ideal candidate for geometrical frustrated magneti-fay absorption fine structurEXAFS) and atomic force
structure$~® However, all of these reported.-MnO,  MICroscopy(AFM). Magnetic properties of the films were
samples were synthesized by electrochemical delithiation dnéasured using a superconducting quantum interference de-
acid leaching, where some of the Li ions remained in the’IC€ magnetometer. Magnetic field applied parallel to the

samples. Consequently, some of the inherent properties &OWth plane of the films.
the purex-MnO, structure might be modified by Li ions or
induced M* ions. Meanwhile, it is unclear whether the !l RESULTS AND DISCUSSION
spinel \-MnO, can be stabilized without Li ions. Hence,  The XRD patterns of the films suggest that the films are
fabricating high-qualityx-MnO, single crystals or films is  single crystals with a face-centered cubic structure. The lat-
needed to clarify intrinsic magnetic characteristics and to extice constant is estimated to be about 8.4nkarly twice of
plore possible applications. In the present article, plasmaghe MgO substrate The films are[001] oriented with the
assisted molecular beam epitalyiBE) was used to grow [100] (or [010]) axis being parallel to th§100] (or [010])
\-MnO;, high-quality single-crystal films for studies of their axis of the MgO substrate, if a unit cell of face-centered
structure and magnetic properties. Meanwhile, a comparisogybic lattice is adopted. The EXAFS result showed that the
of their magnetic properties with bulk polycrystalline Mmn K-edge absorption curve of the film was similar to that of
samples prepared by Li ion removal is also given. LiMn,0,. However, the absorption edge &fMnO, film
shifted slightly to higher energy compared with that of the
Il. EXPERIMENT LiMn,O, reference sample. The observed higher absorption
A\-MnO, films were grown on MgQO00)) substrates by edge in thex-MnO, film is consistent with the higher chemi-
plasma-assisted MBE under well-controlled growth condi-cal valence of its constituent Mn ions (Mf) than that
(Mn*39) in LiMn,0,, since position of absorption edge cor-
Author to whom correspondence should be addressed: electronic mail€lates closely with the average effective charge on the Mn
Iwguo@aphy.iphy.ac.cn ions. However, it should be noted that the lattice constant of

0021-8979/2001/90(1)/351/4/$18.00 351 © 2001 American Institute of Physics

Downloaded 25 Aug 2010 to 133.68.192.95. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



352 J. Appl. Phys., Vol. 90, No. 1, 1 July 2001 Guo et al.

AR L | T T T

T T T T
0.4 H(a) +43K ———ZFC100 Oe
»
) —«FC100 Oe
0.0 - .X. . ]
) Ly Thickness 96nm
040 ik 43K -
-0.8 —
2.0 1'1'§‘5=%:I'.15
(b) —e—ZFC100 Oe
1.6 &5k .
——FC100 Oe
~ 2r Thickness 170
s 17K hhb ICKNess nm
0.8 | 3
g I W4k ]
~—
= 0.4+ . 4
g ! ey .
5] 0.0 1 L 1 PR IR B 1 1
R T T T T — 1 v T T T T T
o (c) t1sK — e ZFC100 Oe
) 1.2} i
= | ¢ —+—FC100 Oe
< 0.8 1 1
N ’ 17K Thickness 360nm
o o4l 1 3 ]
= T xL44K 7
5 I
< 0‘0';’ A i
04 e L
(d

—s—ZFC1000e

._
[

——FC1000e

i ) ok
¥
' f/\ Thickness 446nm
0.6 L f';(m\\__
4
0.4+ 43K 1

0.2

<
oo

n L 1 | 1 | n | L I n L L 11
0 10 20 30 40 50 60 70 80 90 100
Temperature (K)

FIG. 2. Temperature dependence of magnetization on FC and ZFC runs for
different film thickness(a) 96, (b) 170, (c) 360, and(d) 446 nm.

FIG. 1. (a) AFM images of ax-MnO, film, where the edges of pits are
parallel to the[110] or [—110] directions of MgO substratéb) Schematic . L .
representation of a spina-MnO, structure, where edge-shared octahedral Besides the structural characteristics\oMnO, films,

forms a chain-shaped arrangement alphtp] or [-110] direction of MgO  their magnetic properties were studied. Magnetization of the
substrate. films was measured during warm up under the different cool-
ing conditions of field cooledFC) and zero field cooled
(ZFO). Figure 2 shows the dependence of the magnetization
the film was 4.3% larger than that of bulk crystal, 8.04 A. It on temperature for various film thicknesses. The purity of the
is likely that the film is strained due to lattice mismatch with MgO substrate was such an impurity concentration 0.01%
the MgO substrate, since the film thickness ranging from 10@hat small amounts of magnetic impurities might be con-
to 400 nm is not thick enough to relax the whole strain. Fortained. The magnetization contribution from the MgO sub-
all of the N\-MnO, films, their surface was flat. However, strate should be eliminated. Therefore, the magnetization
some of the films contained pits on the surface, as shown idata from the film were corrected by subtracting the magne-
Fig. 1(a). It is seen that the edges of the pits are all parallel tdization of a MgO substrate with the same surface area as the
either the[110] or [—110] direction of the MgO substrate, film. As shown in Fig. 2, the resultant magnetization of the
which reflects the inherent structure)ofMnO,. In A-MnO,  films becomes minus or smaller at low temperature com-
structure, the sublattice of oxygen atoms forms an edgepared with that at high temperature paramagnetic part. The
shared octahedron arrangement which results in a chairdeature becomes obvious even in thinner films. We suppose
shaped array in thé001) plane as schematically depicted in it is induced by unrefined subtracting substrate magnetization
Fig. 1(b). Note that the chains are aligned along fth&0] (or  due to different magnetization behaviors in MgO substrates
[—110]) of MgO. Since the atomic bonding between differ- before and after epitaxy. However, no matter what the abso-
ent chains is weak, the pits begin to from once the bonds areite magnetization value is, two significant features can be
broken. Figures (B) and 1b) indicate that the surface mor- observed in Fig. 2: the cusp located at 14—20d&noted as
phology is closely dependent on the crystal structure. T1) and the divergence point at 43(denoted as T2in both
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FIG. 3. Susceptibility data of a 446 nm film at different applied fields under

ZFC run. The inflection at T243 K) is not clear at a 2000 Oe field. of ZFC and FC overlaps. Therefore, it is reasonable to infer

that region Il should be a transition region for a short-range

antiferromagnetic ordering developed to a long-range one.
the ZFC and FC magnetization. In the following, the cuspWhen temperature varied from T2 to T1, the size of the
behavior is discussed first. clusters with short-range antiferromagnetic ordering would

As the film thickness increased frofa) to (d) in Fig. 2,  develop in expending of the paramagnetic parts. In Fig) 2
Tlrc(Tlee) for ZFC (FO) run increased also from 14 and Zc), an abrupt increase in magnetization is seen clearly
(13)—20 K (19 K), that is similar to the phenomena usually in the FC run. This indicates a weak long-range ferromag-
observed in magnetic metal filf"due to the effects of in- netic interaction appearing among the clusters, in which a
terface and strain. In Fig. 2, three magnetization regions arshort-range antiferromagnetic ordering might be still existed
seen clearly: region IT<T1, region Il, TIKT<T2, and due to the canting arrangements of the net spins in the
region Ill, T>T2. In region |, both FC and ZFC magnetiza- cluster'® The situation is similar to the magnetic behavior in
tion drop rapidly with lowing temperature, showing a typical Mn;O, structure, since they contain the same octahedral-site
feature of long-range antiferromagnetic ordering. This feaMn atoms. Therefore, we inferred that T2 is a magnetic tran-
ture is similar to the behavior of the bulk polycrystalline sition temperature for the onset of a short-range antiferro-
sample, where the electronic spin arrangement is not anagnetic ordering and also for a weak long-range ferromag-
simple up and down and its spin unit cell is twice of the netic interaction among clusters. But, it should be pointed
lattice unit cell? However, the T1(14—20 K of the films out that the short-range antiferromagnetic ordering in
was lower than that observed in bulk polycrystal at 32 K,A-MnO, film should not be a simple spin up and down ar-
which may be due to stronger exchange interactions betweaangement owing to a strong interaction among Mn ions
Mn ions in bulk. As mentioned above, lattice constant 8.04 Awhose sublattice is composed of a tetrahedral type arrange-
of an acid leached bulk samplis smaller than 8.4 A of the ment, which is a typical geometry frustrated configuration.
films, which results in a stronger magnetic interaction among  Here, it should be explained why the T2 is observed only
the nearest Mn ions in bulk than in the films. To understandn A-MnO, single-crystal films. As well known, if a magne-
the dependence of the cusp feature on applied field, the suszation process depends on its cooling history, there must
ceptibility of a 446 nm thick film corresponding to the exist a long-range field-induced magnetic anisotropy. In
sample of Fig. &) is measured in ZFC, as shown in Fig. 3. polycrystalline sample, there is no long-range crystalline or-
The sharp cusp was maintained up to a field of 500 Oedering owing to the disorder of crystal orientation among
Under higher field, the cusp becomes broad and its centagrains. Therefore, the T2, related to a weak long-range fer-
shifted from 20 K at 500 Oe to 19 K at 2000 Oe. In addition,romagnetic ordering, cannot be observed in polycrystalline
an inflective point at T2 is discernible up to a field of 1000 sample. This conjecture is supported by an experimental re-
Oe. The close dependence of susceptibility on applied fieldsult from one of our samples in which a small amount of
suggests that there is a strong field-induced magnetic anisotin;O, phase was mixed in the-MnO, structure. Figure 4
ropy in thex-MnO, films. Evidence to support this inference showed the magnetization curve of this sample under ZFC
is found in its magnetization hysteresis curves. The detailednd FC cooling run. It is noted that a cusp E20K) is
studies of magnetization hysteresis behaviors at differenbbserved only, and the magnetization for ZFC and FC di-
temperature will be published elsewhere. verges at the cusp. This is very similar to the results of poly-
Besides the T1, the T2 is observed in theVinO, film, crystalline samples synthesized by acid leacRKifecause

which has never been observed in bulk polycrystallinelong-range crystalline ordering is destroyed in this mixed
A-MnO,. As seen in Fig. 2, when temperature is in region |,phase sample, its structural characteristic is similar to that of
the magnetic interaction of Mn ions is a long-range antifer-a polycrystalline sample. Therefore, it can be well under-
romagnetic one. When temperature is in region lll, the magstood that why the T2 has not been observed in polycrystal-
netic interaction is a paramagnetic one and the magnetizatidme samples.
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