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Effect of A-site cation ordering on the magnetoelectric properties
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In order to evaluate the effect of charge transfer and/or charge ordering ip3®@MnO; on the magnetic
and transport properties, a library pfLaMnO;),,,/(SrMnG;) ], superlattices have been fabricated by the
combinatorial pulsed laser deposition method. The properties of superlattices were found to depend strongly on
the periodicitym; superlattices o=<4 behaved like a solid solution LgSr sMnO;3 film, while the superlat-
tices of m>4 were significantly different from the solid solution. These superlattices exhibited a higher
resistivity and lower Curie temperature thanr=4 superlattices. The results indicate that the properties of the
superlattices are dominated not only by the magnetic interaction between the superlattice constituents but also
by carrier @4 electron$ transfer thorough the superlattice interface. The contribution of carrier transfer is
supported by the magnetoelectric properties of another librafylad, ¢Sty ,MNO3) g/ (Lag 2SIy gMNO3) 112
superlattices. Thé-site cation order can change both effective carrier concentration and magnetic interaction.

DOI: 10.1103/PhysRevB.66.144418 PACS nuni®er75.70.Cn, 81.15.Fg, 73.21.Cd, 75.30.Vn

[. INTRODUCTION thin films encounter difficulty in precise characterization of
such physical properties as magnetism due to the small vol-
The discovery of colossal magnetoresistaC®IR) at- ume and lattice strain effect caused by the interaction with
tracted much interest to perovskite manganRes,A,MnO;  the substrate. Nevertheless, thin films can offer advantages
(whereR is a rare-earth ion and an alkaline-earth ion  that are hardly realized in bulk specimens. We can expect
They show versatile magnetic and electrical properties as artificial control of charge order or phase separation in
function of the doping concentratid®) and their phase dia- R; ,A,MnO; by fabrication of the superlattice
gram has been mapped out through numerous experimerntéRMnQOs),/(AMnOs3) 1., if the B-site valence is domi-
using bulk crystalline samplés.The phase diagram of nated by theA-site cation valence. Here, we report on paral-
La; _,Sr,MnO; was also mapped out by rapidly characteriz-lel fabrication of[(LaMnOs),,/(SrMnG;) ], superlattices
ing composition-spread films fabricated on a single substraten SrTi0;(100) having different periodicityng), as well as
using the combinatorial pulsed laser deposition method. Then elucidation of the effects dk-site cation ordering along
good agreement between both methods verified the high efhe growth direction in superlattices on their magnetic and
ficiency of the combinatorial approach using a thin film electric properties. The averaged hole concentration in the
library? Generally, the origin of CMR is attributed to a superlattices was fixed at 0.5, the boundary between the hole
double exchange mechanidrim which polaron formation doped regimeX<0.5), where the ferromagnetic phases ap-
originating from a Jahn-Teller instabilitys involved. How- pear, and the electron doped reginxe>(0.5), where the an-
ever, there are several experimental results hardly explaingiferromagnetic phases appear. There are reports of manga-
by this mechanism alone. The phase separation phenomenasse perovskite superlattices which focus on the
is one of them. The coexistence of different magneticantiferromagnetic/ferromagnetic interaction of the superlat-
phase¥ ™ and electrical phas&s*has been observed in sev- tice constituent$*'® however, there are few reports on
eral R, _,A,MnO; bulk materials, often as the occurrence of charge inhomogeneity.
CMR phenomena. The control of phase separation by tem-
perature and doping levels would be an important parameter
to govern the material properties. Il. EXPERIMENT
The phase separation phenomena were investigated both
theoretically and experimentally. The theoretical calculation [(LaMnGQs),/(SrMNnG;) ], with (m,n)=(1,96), (2,48,
indicates that the increase of charge fluctuation influences th@,24), (8,12, (16,6, and (32,3 and 50 nm thick LaMn@
ground state of the material and occasionally induces phasnd SrMnQ films were fabricated using a combinatorial
segregatio? Experimental studies using NM¥ neutron  pulsed laser deposition system, which is schematically illus-
diffraction,” electron microscop}? and scanning tunneling trated in Figs. 1a) and Xb). A pattern mask having a set of
spectroscopy have been done on bulk single crystals orfive 1.5 mm wide slits was positioned 1 mm beneath the
polycrystals to observe the inhomogeneous states. Epitaxigubstrate and the shadow mask worked to choose which slits

0163-1829/2002/68.4)/1444186)/$20.00 66 144418-1 ©2002 The American Physical Society



T. KOIDA et al. PHYSICAL REVIEW B 66, 144418 (2002

KrF laser
(a) Nd: YAG laser
substrate
_‘—I—I] | 1'd u
f D::_ o
=
= =
I:na tt(la(rn E E shadow g
as »_d mask 2
target R=
(b)
1
4 K 5 10 15 20 25 30 35
L
/O \ 26(deg)
attern shadow
gaask SubstratE mask FIG. 2. 26-0 x-ray diffraction scans around th@®01) funda-

mental peaks of(LaMnGOs),,/(SIMNG;) ], (M= 1,4,16) superlat-
FIG. 1. (3) Combinatorial pulse laser deposition chamber. Atices. The fundamental peaks and satellite peaks causedsity

pattern mask and a shadow mask are driven by two linear steppingation order are marked by ticks.
motors.(b) The pattern mask is used for sample pad area definition
and the shadow mask is used to choose which slits in the patter, 8, and 50 nm thick La ,Sr,MnO; (x=0.2 and 0.8 films
mask are actually open for the depositi@haded area were also fabricated under the same condititasept for

the use of LggSrp ,MnO; and Lg ,Sr, gMnOg targets. Table
in the pattern mask were actually open for the deposition of shows the film compositions and sequences of three librar-
as many as five different films (1<67.5 mnt) on a substrate ies. The surface morphology was analyzed by an atomic
heated by a Nd:YAGQyttrium aluminum garnét(cw) laser. ~ force microscopdAFM). The crystal structure was investi-
Synchronizing the target exchange with the mask and shutt@ated by x-ray diffraction using aé2¢ diffractometer. The
switching enabled parallel synthesis of five different compo-nagnetic measurements were done by using a superconduct-
sitions and/or layer sequence. The details of the thin filming quantum interference device. Magnetoresistence was
growth system were reported elsewh&té!8The KrF exci- measured by a conventional four-probe method. For struc-
mer laser pulses were focused on sintered ceramic LaMnQural, magnetic, and transport measurements of each film,
and SrMnQ targets at a fluence of 5 J/éniThe depositions each film was cut in 1.27.5 mn? size to eliminate the ef-
were carried out on buffered NJH-HF treated SrTig(100)  fects of edges.
substrate¥ having atomically flat terraces and steps with
single unit cell height at 800 °C in ax110 2 Torr oxygen Ill. RESULTS AND DISCUSSIONS
atmosphere. The periodicities of the superlattices were con-
trolled by monitoring the reflection high-energy electron dif-
fraction (RHEED) specular spot intensity oscillations simul-  Figure 2 shows the x-ray diffraction patterns of three
taneously at five points on a substrate using a scanning(LaMnGQ;),,/(SIMNG;) 1, [(m,n)=(1,96),4,24,(16,6)]
RHEED systent/ '8 After the deposition, the chamber was superlattices on a single substrate. Clear satellite peaks
filled with 1 atm oxygen gas and the sample was cooled t@aused by artificialA-site cation order are observed even in
room temperature at a rate of 10°C/min. Another library ofthe m=1 sample. The superlattice periods of time=1, 4,
[ (Lag Sty sMNnO3)g/(Lag St gMnO3) ]2 With m=1, 3, 4, and 16 samples, determined from the x-ray data, were 0.784,

A. Structural characterization

TABLE I. Film composition and sequences of three librari@s B, C). Each library has five different
films, which were synthesized in parallel on a single substrate.

chip library 1 2 3 4 5
A LaMnOg [(LaMnO3)m/(SrMnO;)m]n superlattices SrMn®
(1.9 (4.29 (16.9
B LaMnO, [(LaMnO3)m/(SrMnO;)m]n superlattices SrMn®
(2.48 (8.12 (32.3
C [(Lag gSty MNnO3) g/ (Lag 5Sry MNO3) 112 SUperlattices
m=1 m=3 m=4 m=7 m=38
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FIG. 3. An AFM image (1008 1000 nnf) of the m=1 super-
lattice. The step height corresponds to the height of a single perov-

skite unit cell. w,H=0,1,3,7T |

3.06, and 12.5 nm, respectively, in good agreement with the
expected values. The mismatches &2.1%, —0.68%, and
+1.0%, respectively. The other superlattices also exhibited
satellite peaks consistent with the designed superlattices. An
AFM image of them=1 sample is shown in Fig. 3. Clear
steps and atomically flat terraces are visible. These results
indicate that an abrupt interface between the Sri@d
LaMnQ; layers in the superlattices and the diffusion length
of A-site cations at the LaMngSrMnQO; interface is less
than 1 unit cell(0.4 nm) of the perovskite structure.

Resistivity(€) cm)

B. Magnetic and electrical properties

Figure 4 shows the magnetizati¢a, resistivity (b), and
magnetoresistancéMR) (c) of LaMnO;, SrMnQ;, and
[(LaMnGg),,/(SIMNG;) ], Superlattices as a function of
temperature. The LaMn{Film shows weak magnetization at
temperatures below 130 K and insulating behavior below
400 K, while the SrMnQ film shows negligibly small mag-

MR (%)

netization and insulating behavi@ver 1¢  cm below 400 ‘ 3 ;
K). Stoichiometric LaMn@ is an A-type (canted antiferro- 100 200 300 400
magnet A-AF) below its Nel temperaturd =135 K, with Temperature(K)

alternatingds,2_,2/ds,2_,2 orbital ordering with cooperative
Jahn-Teller distortioR® The observed small magnetization is  FIG. 4. (Color) (a) Magnetization of nondoped films (LaMnRQ
presumably caused by the La or O deficieficfhe cubic  SrMnQ;) and [(LaMnGy),/(SIMnG;),m],  Superlattices
perovskite SrMnQ@is aG-type antiferromagnetG-AF) with =1,2,4,8,16,32) as a function of temperature in a field of 0.1 T
Tn=260 K2 The superlattices om=4 show relatively along the[100] direction in the film plane during a field cooling
small magnetization and metallic behavior below 300 K anddrocess. The magnetization data is normalized by the total number
large MR at low temperature. This behavior is similar to thatof Mn ions in the films.(b) Resistivity of the superlattices and the
of epitaxial La sSt sMnOs films on SrTiGy,(100), which be- LaMnO; film as a fu_nction of tempergtgr_e in a magnetic fie!d
haves as aA-type antiferromagnetic metal due to the tensile (0:1:3,7 7. The thick line shows the resistivity without a magnetic
stress from the substrat&?*With an increase of the super- I;?Id['l-gg]e (;nag?enc_fletlg V"f"_"ls aplplled( ;;a’r\lallel tt_o th&;t[xrrzagt_,r;llong

: : _ . o e irection in the film plane(c) Negative p
ey S 1S25e% o el 22on. (3 (71} 100 f e Suptaticesend h Lo

. . . as a function of temperature.

curves were observed systematically. On increasirabove
8, drastic changes of magnetic and transport properties oc-
curred, i.e., significant suppression of the onset temperature These results indicate that the magnetoelectric properties
in M-T curves and nonmetallic behavior over the whole tem-of the superlattices were determined by magnetic interaction
perature. With an increase of from 8 to 32, the resistivity between the superlattice constituents and mixed valence of
increased systematically, while the magnetization at low temMn ions caused by carriere§ electrong transfer thorough
perature and the onset temperature slightly decreased.  the superlattice interface depending on the numben.dfhe
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(a) (b) strictly on the one unit cell scale, and the LaMp@nd
s SrMnGQ; layers preserved their original magnetic properties

g gm“a (A-AF and G-AF), the magnetization of the superlattices
= should show values between those of LaMrédd SrMnQ.
= = AT e If the charge neutrality was preserved on a larger scale and
g gFMmea holes are doped into the LaMpQayers from the SrMn@
= i}wﬁe = layers through the interface, ferromagnetism would appear
P =< due to ferromagnetic coupling of M and Mrf", as sezesn
= in divalent-substituted La ,Sr,MnO; (0.15<=x<0.5),
= gAFMW lanthanum-deficient LMnO;_s (x<1),%* and oxygen-
g = overdoped LaMn@, 5 (6=0).%° Electrons doped into the
=] = SrMnO; layers would not give rise to ferromagnetism be-

cause La ,SrMnO; (x>0.5) is antiferromagnetit.An-

FIG. 5. Schematic illustrations of solid solutiond81,sMnO,  Other potential source of the ferromagnetic response is the
(@ and [(LaMnOy),,/(SrMnOs) ], superlattice (b). The color ~ Magnetization of Mn ions, which is in the interface layers.
shows the hole concentration of teg orbital and the dark region This effect, however, can also be discarded because in this
has higher hole concentration than the light region. The arrowsase we should see the strongest ferromagnetic response in
show the spin alignment of Mn(planes. LgsSrsMnO; has rela-  the m=1 sample. The magnetization values of all other su-
tively homogeneous hole concentration along the growth directiorperlattices should then be between those of Lalafd the
and showsA-type antiferromagnetism, while the superlattice hasm=1 sample. This is clearly not the case, as shown in Fig.
inhomogeneous hole concentration and magnetic states. 4(a). The x-ray and AFM results also showed thasite

cation diffusion at the interfaces is negligible and cannot
existence of carrier transfer is clearly indicated by the apcause changes in the magnetic structure of the superlattices.
pearance of ferromagnetism in antiferromagnetic (LaMinO The hole distribution and magnetic states along the
antiferromagnetic (SrMng) superlattices with largem  growth direction in the solid solution aSr sMnO; film
(=8) and the increase of magnetization from+=1 to 4. If  and superlattices are schematically illustrated in Fig. 5. In the
the Mn ion valence was determined only by the nearessolid solution LgsSrysMnO;g film, random distribution of
A-site cations, that is, the charge neutrality was preserved-site cations results in a homogeneous hole distribution in
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FIG. 6. (Color) (a) Magnetization of LggSry ,MnO; film and[ (Lag gSry MnO3)g/(Lag ,Siy gMNnOs) 112 Superlatticesrh=1,3,4,7,8) as
a function of temperature in a field of 0.1 T along {i®0] direction in the film plane during a field cooling proceés. M-H hysteresis
curves for the samples at 5 k&) Resistivity of the samples as a function of temperature in a magnetid@gl@8,7 7). The thick line shows
the resistivity without a magnetic fieldd) Negative MR[ p(0T) —p(7 T)]/p(7 T)X 100 of the samples as a function of temperature.
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FIG. 7. Schematic illustrations of[(LaggSryMnOs3)g/
(Lag 5Sry.gMn03) 112 superlattices. The color shows the hole con-
centration of g orbital and the dark region has higher hole concen-
tration than the light region. The arrows show the spin alignment of (b)
MnO, planes. A smalim superlattice has relatively homogeneous
hole concentration and ferromagnetic states along the growth direc-
tion due to the carrier transfer through the interface, while a large

superlattice has inhomogeneous hole concentration and magnetic & ggg:
states. 2 550 -
o _ £ 200 -
the film and the averaged ionic valence of Mn is 3.5, show- 2 159 .
ing A-type antiferromagnetic metal behavidfig. 5a)]. In af) 100 4

the case of superlattices, the average ionic valence of Mn at 50
the interface is 3.5; therefore, all of the Mn ions in time

=1 sample are equivalent, which is the same situation as in
solid solution Lg sSrp gMnO;. In m=4 samples, the modu-
lation amplitude and period of hole concentration will be
small due to the smalm value and charge transfer at _ ) .
LaMnO,/SrMnO; interfaces. The observed properties are FIG. 8. Magnetic and electrical phase diagrams of the
therefore similar to those of a solid solutiong®rn MnO;  L(LaMNO)w/(SIMNQy)l, (@ and  [(Lag St MnOs)e/
film. The slight increases of magnetization, resistivity, and(-2250MnOs)ml12 (b) superlattices as functions of superlattice

. L periodicity and averaged hole concentrati@hin the superlattices
MR around the anset temperature M:-T indicate that the and those of solid solution La,Sr,MnO; bulk samples. The phase

Sysltem gradually evqlves mmcreages_ frof“ a hole concen- diagrams of the superlattices correspond to the shaded planes and
tration and magnetic structure distribution that are botl’}hose of solid solution samples correspond torhe 0 planes. PI;

r}early homogeneous and resemble those of a solid S0I!mo&lramagnetic insulator, PM; paramagnetic metal, AFI; antiferro-
film to those of structures which show clear modulationyagnetic insulator, Fi; ferromagnetic insulator, and FM, and ferro-

along the superlattice growth direction. On the other hand, ifyagnetic metal.
m=8 samples, the modulation amplitude and period will be
large and we have a form of artificially generated phase sepasistivity (c), and MR(d) as well as thevi-H curves(b) at 5
ration in the sample. The SrMnQayers retain their antifer- K of the superlattices and the §.g8r, ,MnO; film as a ref-
romagnetic character, while the LaMp@yers, particularly erence. In spite of the substitution of antiferromagnetic insu-
close to the interfaces, are ferromagnetic as shown in Fidating La,,SrpgMnO; layers for ferromagnetic metal
5(b). These differences in hole concentration and magnetita, ¢Sr, ,MnO; layers in the superlattices, the<4 samples
structure distribution result in the large difference in mag-show larger onset temperature N-T curves and lower re-
netic and transport properties between the4 andm=8  sistivity than Lg gSr, ,MnO; films. The superlattices main-
samples. tain soft magnetism with a coercive field below 100 Oe, just
Other clear indications of magnetic interactions andlike Lag ¢Sty ;MnOz;. On the other hand, the superlattices of
charge transfer between the superlattice constituents have=7 show hard magnetism with a coercive field over 500
been provided from the magnetic and electric properties oDe. Also observed are strong suppression of the onset tem-
[(LaggStp ,MnO3)g/(Lag ,SiogMnO3) ], (M=1,3,4,7,8)  perature and saturated magnetization, and increase of resis-
superlattices, where kaSr, ,MnO; is a ferromagnetic metal tivity and MR at low temperature.
and La ,Sr, gMnO; is an antiferromagnetic insulatdin this Figure 7 shows the schematic illustration of hole distribu-
case, the effects of magnetic interactions between the supaien and magnetic states along the growth direction in the
lattice constituents can be evaluated because the thicknesssifperlattices. Whem is below 4, some holes are transferred
each LggSrp MnO; layer was fixed, whereas that of the from Lay,SIy gMnO; to Lay gSi MNnO5 layers and the hole
Lag ,SrhgMnO; layer was varied systematically. Figure 6 concentration will become relatively homogeneous along the
shows the temperature dependences of magnetizaipre-  growth direction of the superlattice. Therefore the superlat-
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tice exhibits onset temperature and conductivity higher than IV. CONCLUSION

the solid solution LggSrp -MnO; film. Whenmis over 7, the . .
hole concentration will become inhomogeneous and phase We have fabricated epitaxip(LaMnOs) m/(SMNOs) ]

separation will occur along the growth direction. Thus, thesuperlatnces on SrTi§p100) by the combinatorial pulsed la-

superlattice has a property deviating from that of the solide" depo§|t|on method to |nv¢st|gate the foecAesflte.cat—
lon ordering on the magnetic and electric properties. The

solution: reduced ferromagnetic metal states with high coer- roperties of superlattices were found to depend stronaly on
cive field due to the magnetic coupling between the superlat; perties ol sup . P gly
tice constituents. he periodicitym. The superlattices om=4 behaved like

Figure 8 summarizes the magnetic and electrical phas%ond solution Lg5Sk,MnQ,, with metallic behavior and

diagram of the fabricate{LaMnOs) ,/(SIMNO;) . ],, Super- small magnetization below 300 K, while the superlattices of
; m>4 deviated from the behavior of a solid solution, show-

lattices (@) and [(LagSto MNOs)s /(LB 2SloMNOs)mliz 0 onmetallic behavior and significant suppression of the

superlatticegb) as functions of superlattice periodicifyn) 9 9 PP

and averaged hole concentrati¢ as compared with the SLArleTtrv]amperatu[te go&npire(tjht? ttrk]]ose of s#perle;t?ﬁem of
diagram of the solid solution La,SrMnO; bulk sample ~"° ese results indicate that the properties of the super-

(m=0). As discussed above, the electrical and magneti attices are dominated not only by the magnetic interaction

states of the superlattices were strongly dependent on t etvyeen thel superlattice fcon?‘tltuentﬁ tht also lby. the
periodicity and there was a critical humber dividing the carrier € eeptronﬁ; transfer  thorough the superiattice
terface. Their contributions are also supported by the

solid-solution-like properties and the properties that devmewagnetoelectric properties of othdi(Lag ¢St MnOs)g/

from those of the solid solution. There should be severa . ; :
Lag Sty gMNnO3) 112 Superlattices. Thé-site cation order-

physical reasons for the existence of the critical number i bl o ch both the effecti . i
these superlattices. The possible contributions are Coulomp9 €Nabies us to change bo € ellective carrier concentra-

interaction to maintain charge neutrality, exchange interact " and the magnetic interaction; _therefo_re, I prowde_s us
tion between the neighboring Mn ions, and the kinetic energ)yv'th an_opportun_lty to fabrlca.te artificial lattices w_|th_ desired
of theey electrons. Therefore, the critical number depends Orprc.)perne.s(electn.cal, magnetic, an_d magnetoresistive prop-
the combination of superlattice constituents. In the casgme9 or innovative electromagnetic properties.

of [(LaMnQs)n/(SIMNGs) ], and [(Lag gSth MnOs)g/
(Lag »Srp eMNnO3) 112 Superlattices, the critical number was
between 4 and 8. Tha-site cation ordering, which enables
one to change both the effective carrier concentration and This work was conducted as JSPS Research for the Future
magnetic interaction, is an important parameter for controlProgram in the Area of Atomic-Scale Surface and Interface
ling the material properties. Dynamics(Grant No. JSPS-RFTH-96P00205
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