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We report on the structural, transport, and magnetic properties ©§;$8 3MnO, thin films grown in
vacuum by pulsed-laser deposition. The as-grown thin films have both the matiSkaMnO, phase with
K,NiF, structure and an embedded MnO phase. The electrical transport and magnetic properties of the films
are determined mainly by those of the matrix phase. By annealing, the as-grown thin films can be transformed
into the normal LggSrp 3dMnO; single phase, which shows the expected colossal magnetoresistance effect.
Based on the composition of the matrix phase, and the structural, electrical, and magnetic properties of the
films, we propose that the matrix phase is possibly electron doped with a mixed valencé'@km# instead
of the Mr?*/Mn*" as in the hole-doped case.

INTRODUCTION EXPERIMENT

. Thin films of nominal composition LgSt 3MnO, were
Rare-earth manganese OXIde.S of the fdrm ,AMnO; grown in vacuum orf001) LaAlO5 substrates by pulsed-laser
(L=rare-earth glementsﬂ,\:alkallqe?earth elementshave deposition(laser wavelength of 248 nnusing a high-quality
attracted much |nte'resj[ dlie to their |mpor'tance for both bas'an_eﬁro_st'nOx target. The laser energy fluence and the
research and ap_pllcatloﬁs3. These materials show various g hstrate temperature used were 2 3/anmd 800 °C, respec-
unusual properties, S_UCh as _colossal magnetoresistangGely. The pulse repetition frequency of deposition was 8
(CMR), charge and orbital ordering, €tdt has been shown 7. The films were deposited and cooled down in vacuum
that the spin, charge, and lattice are strongly coupled in thes&;_40>< 1073 Pa, or 4.8 10 °Torr). The deposition rate is
compounds™® Much work has been done regarding the approximately 0.22 nm/s. The thickness of the films was
site doping, while relatively little work has been done on theabout 150 nm as measured by Rutherford back scattering.
effect of oxygen content on the structural, transport, andX-ray diffraction (XRD) was used for phase and crystallinity
magnetic properties. Because of the strong interaction amoranalysis. The measurements were made using a monochro-
spin, charge and lattice in CMR materials, it can be expectedhated CuK« source(not a beta filter, a 175 mm radius
that the effect of changing oxygen content may be quite dif-goniometer in thed—26 geometry, and constant slit width.
ferent from that oL site doping, although they may give the Transmission electron microscopyTEM) and energy-
same number of carriers. dispersive x-ray spectrometfEDS) were used to study the
Juet al?® studied the effect of oxygen content on the trans-composition of the film and the microstructure. A linear
port and magnetic properties of La-Ba-Mn-O bulk materialsfour-point probe was used to measure the transport proper-
by using a Ti getter to change the oxygen content in thdi€s of the thin films from room to liquid-helium temperature.
samples, and the change in the transport and magnetic prop€sistivity of the annealed thin films was measured with
erties was found to be dramatic. It is not easy to change thi9-Plane magnetic fields of 4 @8 T in order to show the

oxygen content of bulk materials and the homogeneity isCMR effect. Because of the high resistance of the vacuum-

always an issue. Goyat al° studied Lg ,Ca, MNnO; thin prepared samples, an electrometer was also used for the

films deposited under different oxygen pressu-50 Pa, transport measurement. A superconducting quantum interfer-
or 75-400 mTor, but all cooled under the same oxygen E"¢€ device magnetometer was used to measure the tempera-
pressure(50 000 Pa, or 400 Torr The electrical transport ture and field dependence of magnetization with samples
and magnetic properties showed some changes which coufgounted in a p_Iastlc soda straw. The magnetic field was
be due to the differences in the oxygen content in theparal[el to the film surface. Both zero-field coolirigFC)
samples, but these changes were not dramatic. A number gpd field-cooling(FC) data were recorded.

questions arise naturally. If we prepare the thin films in
vacuum, can we obtain the same structural phase? What are
the electrical transport and magnetic properties of the phase? Figure Xa) shows the x-ray diffraction pattern of the
Can we drive the samples to the electron-doped character ya, 6,Sr, 3qMnO, thin films prepared in vacuum, which
strongly reducing the oxygen content to produceshows five peaks within the range of 10—-80° fa th ad-
Mn?*/Mn3*, instead of MA"/Mn**? dition to three substrate peaks. The pattern in Fig) is

RESULTS AND DISCUSSION
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FIG. 1. X-ray-diffraction patterns of vacuum-prepared
Lag 6751 3MNOy thin films (a) before and(b) after annealing in
flowing oxygen at 800 °C for 10 h.

quite different from that of the normal kg;Srp 3gVInOy thin
films which are prepared in oxygen. The ratio of thepac-
ings calculated for the five sample peaks using Bragg law is
1:2:3:4:5, so they belong to the same reflection group. This,
along with the absence of other peaks in the diffractogram,
suggests that the films are single phase. Figubg dhows e
the x-ray-diffraction pattern for the same vacuum-prepared =
Lag 6751h.3MNn0O, thin films, subsequently annealed at 850 °C
for 10 h in flowing oxygen. It shows an XRD pattern similar
to that of the normal LggSry 3gMnO, thin films prepared in
oxygen, which show the CMR effect. These results establish
that the vacuum-prepared §gSr, 3MnO, thin films have
distinctly different XRD patterns from the normal
Lag 6751p.3MNO, thin films, but can be transformed into the
normal phase by oxygen annealing.

Figure Za) shows the TEM plan view image of the
vacuum-prepared lgg-Sry 3MnO, thin film in the as-grown
state along with §001] zone-axis electron-diffraction pattern
from the same material. It can be seen from the image that a
square-shaped second phase is distributed throughout th
film, and the boundaries between the second phase and th
matrix phase are highly strained. EDS measurements indi-
cate that the second phase contains only Mn and oxygen,
which implies that it is a form of manganese oxide. The FIG. 2. (a Plan view image of the vacuum-prepared
diffraction pattern in the inset of Fig.(® shows two sets of L& Sl 3MnO, thin films. Inset shows the electron diffraction
diffraction spots. One set can be indexed as MnO, whictglong[001]; the index of the diffraction spots is for Mn@b) High-
displays complete overlap with the peaks from the matrixesolution image of a cross section of the vacuum-prepared
phase along the axis in the XRD pattern of the film@ne  L.655%.33MnO; thin films.
overlap every three peaksvhich is why the XRD pattern of
the films seems to show a single phase. This is also corsomparing the TEM and XRD results with the known man-
firmed in the electron diffraction alonfl00], which only  ganese oxides, it can be dedutetiat the columnar phase is
shows two sets of diffraction spots along one direction. ThisMnO, while the matrix phase is (b3S 339-Mn0O,, i.e., the
TEM result shows that there are two distinct structures in thev=1 layered (La, Sf), ;Mn, O3, phase'?> which has te-
vacuum-prepared lgg-Srp 3qMInO, thin films, and the two tragonal structure witta=b=0.3817 nm anct=1.322 nm.
structures have different lattice parametarsb, but have The structure of the matrix phase is also confirmed by TEM
commensurate relation in lattice parameterFigure 2b) image simulation which will be published in another pajfer.
shows a high-resolution image of the thin films in cross sec- Detailed high-resolution image simulatidralso indicates
tion, revealing a columnar second phase embedded in thbat the La and La/Sr layers in our matrix phase are ordered
matrix phase with the width of the columns20 nm. By  as shown in Fig. 3, which is a significant difference between
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FIG. 4. Temperature dependence of the resistivity for vacuum-
prepared Lgg St 3dMnOy thin films before and after annealing. For
the annealed thin films, resistivity was measured under 0, 4, and 8

e Mn T, respectively. Inset shows Tl/dependence of resistivity for
3 vacuum-prepared lgg-Sry 3MnO, thin films.

doped. In fact, the preparation conditigmacuunm of the
films also favors this idea. Some groups have reported syn-
_ thesizing LaMnO, . 5 under reducing condition's:'® For ex-
our matrix phase and the other  reportedample, Vogel and Johnsost al. obtained LaMnO, and
(La, Sth+1MnyO3,.41 phases. Based on the assignments ofinO by reducing the oxygen content of {# ,MnO3.° It
the two phases, we can index the XRD peaks as shpwn % not clear whether the La,Sr,_,MnO, compounds can
Fig. 1. Therefore, we can express the decomposition agnly coexist with other compounds, such as MnO, or can
2Lag 67510 3MNOx= (Lag 6751.39,MNO, +MnO.  This is  exist by themselves.
proved by the following calculations. MnO has a culfic.) Figure 4 shows the electrical transport properties of the
structure with Ifittlce parametes— b=c=0.444_5 nm and_ vacuum-prepared lga;Sr 3MnO5 thin films before and af-
Z=4 (whereZ is the number of molecular units per unit ter annealing. For the as-grown thin films, although they con-
cell),* while (Lag :S.39,MnO, has a tetragonal structure tain both (Lag ¢St 59,MNO, phase and MnO phase, the
with a=b=0.3817nm,c=1.322nm andZ=2. Therefore, former dominates the transport property because MnO is an
the volume ratio betweerlLa, §:S139,MNO; and MnNO  insulatot’ and is embedded in the  matrix
should be 4.41:1 if the decomposition formula is correct. The|a, «.Sr, 59,MnO, phase as unconnected inclusions, as seen
calculated volume ratio betweefLay¢Sr39,MnNO, and  in Fig. 2(a). Therefore, the transport properties reflect the
MnO from the film shown in Fig. 2 is 4.48:1, reasonably nature of the(La, g:Sr 39,MnO, phase. The temperature de-
consistent with the expected value. pendence of the film resistivity is comparable to that in the
There are some reports about tfe 1 phase, with com-  hole-doped Lg;Sr sMnO, single crystal$® The inset of
position La Sk ,MNO,, which claim mixed MA*/Mn**  Fig. 4 shows IV dependence of the resistivity for the thin
and hole-type carrierS:** The matrix phase in our experi- films before annealing. It shows two thermally activated
ment, with composition Lgs,SrhegMnO,, belongs to the  transport processes with activation energies of 100 and 140
Lay 4,Sr-yMnO, class with average valence 2.66 for Mn meV, respectively. The intersection temperature, where the
ions. This is consistent with a mixed valence of MiMn®"  |inear fits cross, is about 175 K, which is very close to the
for Lay 3,51 ¢gMNO,, and suggests the matrix phase is electemperature where magnetization begins to increase, as
tron doped. While searching for other electron-doped phaseghown by the magnetic measurements given below. The im-
we prepared LgsCa 3qMNO; and La ¢St MnO; thin films  plication is that the transport activation energy of the carriers
in vacuum, but these showed only the normal CMR phasés affected by the magnetization change and the mechanism
with XRD peaks shifting to lower angles, indicating an in- of this correlation needs further study. It should be men-
crease of the lattice parameters. Therefore,gk®rp 3qMNO;  tioned that we did not substract the volume of MnO when
is very unique in this regard. To our knowledge, all previouscalculating the resistivity. This will increase the resistivity
reports of layered manganese oxides, such asalue by about 23% based on the volume ratio between
Lay xS \MnO,; (n=1), L& 5Sh»Mn0; (N=2),  (LaggShy39,MNO, and MnO, but it should not affect the
Lag_3,SM+3Mns0; (n=3), etc'? describe hole-doped ma- thermal activation energies.
terials. It has been shown that for hole-doped Moritomo et all* studied the electrical transport of the
La; _4SnxMnQ,, the c axis d spacing significantly de- hole-doped La_,Sr,,,MnO, materials. Their results show
creases withx from 1.317 nm §=0) to 1.240 nm X that the parent compound LaSrMp@x=0) exhibits insu-
=0.6-0.7), while thea axisd spacing is nearly independent |ating behavior with a thermal activation energy of 70 meV.
of x (0.380-0.386 nm'* This is in contrast to our matrix Sr doping reduces the resistivity, but wheaxceeds 0.5, the
La; 3.51h6dMNO, phase which has a& lattice parameter resistivity begins to increase due to the charge-ordering ef-
(1.322 nm, which is even larger than that of LaSrMpQx  fect. For our matrix La,Srp sdVINO, phase, both resistivity
=0). This trend in the lattice parametefends further sup- and the thermal activation energ¥00—-140 meY for elec-
port to the idea that the matrix Lg,SryegVINO, is electron  trical transport are much larger than that of LaSrMnOon-

FIG. 3. Structure of the (LgsSr 39,MnO, matrix phase.
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FIG. 5. Temperature dependence of the magnetization for the FIG. 6. Magnetic-field dependence of magnetization for
vacuum-prepared leg;Sr 33MnO, thin films before and after an-  vacuum-prepared @St sMnO, thin films at 5 K. The substrate
nealing. The substrate contribution has been subtracted. contribution has been subtracted.

sidering the composition of the matrix phase this is difficult

1o explain by assuming that our matrix phase is hole dope nd this behavior is similar to that of the spin-glass phase
For the annealed thin films in Fig. 4, the temperature del the hole-doped La St ,,MnO,. But it is noteworthy

pendence of the resistivity is similar to that of the that the peak temperatur0 K) in the M—~T curves for

Lag 65t sMnO; CMR thin films. The annealed films also our as grown films is remarkably higher than the spin-glass

. . ; transition temperature (20 K) for the hole-doped
show the CMR effect. This is consistent with the XRD re- .
sults which show that the XRD pattern of the annealed thi Lay ,SfMnO;, This may be due to the asymmetry of the

. A . rl:)hase diagrams for the hole-doped and electron-doped com-
;::m: is similar to that of the LSt MNO; CMR thin pounds. It should also be pointed out that the peak in the
Figure 5 shows the temperature dependence of the magrgagnetlzatlon curves is observe_d at slightly below tthNe
o . mperature of MnO, it may be influenced by the antiferro-
netization for the vacuum-prepared ggiSio 3MnO; thin magnetic phase transition. It is well known that impurities

films before and after annealing. For the as-grown films

we measured ZFC magnetization with 3980, 19 900, an(?nd finite-size effects can reduce magnetic phase transition

- ~ temperatures, so it is possible that there is some contribution
7.9 600 A/m m_agnetlc fieldé50, 250, and 1000 Oe magnetlc from the AF ordering of MnO. Further work is needed to
field, respectively. ZFC and FC curves measured in the

o O clarify this issue. For the annealed thin films, the temperature
magnetic field of 3980 A/nfs0 Og exhibit difference(hys- dependence of magnetization and the magnetization value is

teresig as shown in Fig. 5. The ZFC magnetization shows :
: -comparable to that of the normal . gSrp 3dMnO; CMR thin
proad peak arounq 8(.) K, Whpse mag.nltu'de decr eases W'aﬁ]ms with T, above room temperature.

increasing magnetic field. This behavior is consistent with Figure 6 shows the field dependence of the magnetization

the cluster glass model, which can be described as ferroma%;[ 5 K for vacuum-prepared ba-Si, sMnO; thin films. It
- @mlo.3 3 :

netic clusters embedded in a spin-glass matrix. Inhomogen%—hOWS hysteresis with a coercive field of 19900 AR50

ity in the as-grown films could produce competing magneucOe)‘ This is also consistent with a cluster glass behavior. No

interactions as well as ferromagnetic clusters, making f”msobvious magnetoresistanééR) was seen for our as-grown

Qﬁ%nﬁggeg(l)yntgtl)suotirgriefcrjémhq\?v%n;?ﬂ;ggg;o c;fsrth::') l\irs]grownfilms. This absence of magnetoresistance is consistent with
.67210.332 4 _ = i

and MnO. We attribute cluster glass behavior tothe hole-doped n=1 layered manganese  oxide

. La; - St 4 MnO,, which does not show obvious MR either.
(Lag ¢7Sr0.39,Mn0O, phase. Pure MnO orders antiferromag- 1 X7 1tx " =4 S
netically atTy=112K.!® Since there is only about 20% of In summary, we have grown g:SfsMnO; thin films

MnO phase in the films, it is difficult to determine whether "' YcuUm. The films contain both the 4aSf eMnO, ma-

the MnO phase orders anferromagnetcallhy) and 1 FIEE W0 A Ce BT, 0 e parameter
at what temperature. The AFM behavior of MnO phasep - A9 P ' P '

. . “electrical transport, and magnetic properties suggest that the
could be masked by the larger magnetic contrlbutlonﬁ_almsroﬁeMno4 matrix phase is electron doped. This work

from- the (Lao_67Sro_33)2MnO4§4phase. n the_ hole-doped may shed light on the synthesis of the possible electron
L8y SfMnO; compounds,” LaSrMnQ; (x=0) shows doped, layered CMR materials (La, SryMn, Oz 1, €.0.

AF ordering around 120 KT() and Ty decreases with hole )

doping (x) and vanishes fox=0.2. For 0.2<x=<0.6, the t22+2"§:1‘2xm2287 instead of hole-doped
samples have a spin-glass phase and the spin-glass transitiorp — 2~ 1+ 2x 27

temperature is not sensitive to the hole dopirg The AF
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