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A systematic study is presented for structural characterization and physical properties of
La; _,SrMnO; (x=0.4, 0.55) single-layer films and superlattices composed of alternating stacks of these
layers. By increasing the doping level from=0.4 to x=0.55, the ground state of single-layer films is
drastically changed from ferromagnetic to layered type antiferromagnetic with orbital ordering. The constituent
layers in the superlattices appear to keep their ground states. Therefore the carriers are confined in the con-
stituent layers, resulting in the modulation not only in spin but also in orbital structures along the stacking
direction. Magnetoresistance is pronounced in the superlattices at low temperatures whe® & layer is
very thin (e.g.,<1.2 nm), indicating restoration of the electronic coupling between the neighbworitg4
layers, which are otherwise decoupled by ¥#0.55 layers.

I. INTRODUCTION nations of superlattice componéht. In this paper, we
present the preparation, structure, and magnetoelectronic
A wide variety of physical properties in perovskite man- properties of superlattice composed of Mn perovskites as a
ganese oxides is one of the current topics in materialglifferent  type of FM/AF  superlattices: FM
science: The physical properties of three-dimensioaD) Lay ¢Sty 4aMNO; (x=0.4) layer was combined wittA-type
perovskite RE_,AE,MnO;, where RE is trivalent rare-earth  AF Lag 4551 ssMnO; (x=0.55) layer having thel,> 2 or-
element and AE is divalent alkaline-earth element, can béital ordering.
controlled easily by changing the average ion sizgRIE, Unlike Pr_,Sr,MnO; (Ref. 6 or Nd,_,Sr,MnO;,’
AE) site and doping levet. Among them, La_,SrMnOsis  La;_,SrMnO; is free from charge ordering phenomenon
a prototypical compound, which shows large magnetoresiseven whenx=0.50, but changes its ground state to an AF
tance(MR) around the Curie temperatur&{) for the dop- metal atx>0.58 Physical properties of the AF compounds
ing level of the 0.15x=<0.52 The ferromagneti¢FM) tran-  with high doping level have been studied only using poly-
sition takes place above 300 K at &8<0.5. crystalline samples because of difficulty in the fabrication of
The purpose of this paper is to investigate physical propa bulk single crystal. An alternative approach to fabricate
erties of FM/antiferromagneti@AF) artificial oxide superlat- well defined single crystals suitable for physical research is
tices where FM layer is L@Sr, ;MnO;. By combining the  to synthesize high quality epitaxial thin filnis*! Occasion-
FM manganite layer with other perovskite compounds whichally, it is possible to make single crystalline film specimen
have AF spin ordering in a form of superlattice, we canfor the materials which cannot be grown as bulk single crys-
control the physical properties by utilizing the competitiontals. In the case of epitaxial thin films, however, the strain
between FM and AF magnetic ordering structures in the coneffect caused by the lattice mismatch from the substrate has
stituent layers. Previously, we have reported the constructioto be taken into accourf°
and the study on physical properties of the FM/AF superlat- Recently, we have investigated the structures and proper-
tices composed of LgSr, /MNnO; and Lg ¢Sty /€0; having  ties of single crystalline La ,Sr,MnO; thin films grown on
the same nominal doping levéThe AF La, ¢Srp J/eQ; has a  various substrates. The coherent strain from the substrate can
G-type spin ordering and gives rise to spin frustration at thestabilize various ground states even in case the composition
interface of the superlattices. The FM spin ordering inis fixed. For example, in the case of g% sMnO;3 films
Lag ¢Sty 4MNO;3 is modified to spin-canting in the vicinity of grown on lattice mismatched substrates, the lattice anisot-
the interface by the proximity of thé-type AF spin arrange- ropy c/a of the films can be controlled to a considerable
ment, resulting in large MR at low temperatures due to theextent, e.g., from 0.976 on SrTiOthrough 0.994 on
recovery of FM arrangement by the magnetic field. Similar[ (LaAlO3)o 5(SrAlpsTays05)07] to 1.041 on LaAlQ,
results have also been reported with use of different combiwherea andc are the lattice parameters of the films along
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[100] and [001] directions in the tetragonal symmetry, re- =0.55 layers in the superlattices were regulated on an atomic
spectively. As the crystal is tetragonally distorted, the groundscale.

state was drastically changed from layered typetype) AF After the deposition, the films were cooled in 760 Torr of
to chain type C-type) AF by way of the conventional FM 0xygen. In the inspection by an atomic force microscope, the
state neac/a=1. A theoretical study on the electronic and superlattices showed a step-and-terrace structure similar to
magnetic structure using density-functional calculdtfon that of the substrate, indicating that the film was grown in an
could quantitatively reproduce the experimental phase dig@most ideal two-dimensional2D) layer-by-layer growth
gram that is drawn on the plane of the hole dopings the mode. X-ray diffraction(XRD) was carried out by a four-

lattice strainc/a. According to the calculation, the orbital Cif¢le diffractometer with CKa source. In conventional
ordering ofd, - is stabilized forc/a<1, while that of 26-6 scan with the scattering vector perpendicular to the film
Xe—y )

da,2_ 2 for c/a>1, accompanying thA-type and thec-type plane, no peak was observed other than intendel) ([@aks

AF spin structure, respectively. This technique to Stabilizeand satellite peaks associated with superlattices structure.

various ground states may be applied to a wide variety oﬁeciprocal space 'mapping was also carrie_d Ol.Jt for superlat-
research such as investigation of physical properties on wellc€S @S Well as single-layer films. Magnetization was mea-

defined single crystalline films, surface characterization ir§ured by a supercond_uctl_ng quantum |_nterference device
magnetometer. Magnetic field was applied parallel to the

terms of electronic and magnetic properties, strain effect in-.I | " id th tric d tizati ffect
duced by lattice mismatched substrates, and devices based plane to avol € geometric demagnetization efiect.
esistivity with magnetic field upot7 T applied along the

heterostructures. Among them, the magnetic and electroni

property at the surface or the interface in the oxide systems i Im plane was measured by a four-probe method.

a challenging issue, and the present study is one such ap-

proach. The aforementioned complex properties are the con- IIl. RESULTS AND DISCUSSION

sequence of collective phenomena played by strongly corre- 5 \agnetic properties of La, _,Sr,MnO single-layer films

lated electrons of which ground states are sensitive to lattice o S

structure, orbital structure, doping level, and magnetic inter- Magnetization and  resistivity of = La,SrMnO;

action. Therefore large modification of properties is antici-(x=0.40, 0.55) single-layer films with thickness of 100 nm

pated to take place in the vicinity of the interface. are shown in Fig. 1. The=0.4 film shows FM transition at
First, thex=0.55 films grown on SrTi@substrates were 1c=330-340 Kand saturation magnetization ofig3Mn

characterized so as to establish the magnetic, electronic, add S K corresponding to the full magnetic moment. Large

structural basis of the superlattice research. Structure arfé@gative MR is observed aroufi¢ which is well known as

magnetic properties of the superlattices are characterized @§°minated by the double-exchange mecharfisithe re-

show that the constituent layers keep their ground states witducedT c compared with 370 K for the bulk crystal is due to

atomically abrupt interface in magnetic ordering. Neverthethe epitaxial strain of lattice as reported previou$iythe

less, transport properties highlight the importance of orbitalattice parameters determined from the reciprocal space map-

mixing at the interface and spin cantingAatype AF layers ping for single-layer films are Iis_ted in Table I. The in-plane

upon application of a magnetic field, both of which lead anlattice parametera for the both films are expanded so as to

enhanced electron hopping along thaxis in theA-type AF  match with that of the substrate. As a result, the out-of-plane
layers otherwise acting as barriers for carrier motion. lattice parameters are elastically deformed. Such a coherent

strain can be observed even for 100-nm-thick films when the
substrate surface structure and the deposition conditions are
well optimized as in the present study.

With increasing the hole doping level to=0.55, the

La; ,SrMnO; (x=0.4, 0.55) single-layer filmg100 ground state is changed to an AF metal. AF transition was
nm thick and x=0.4/k=0.55 superlattices were fabricated observed at a N& temperature ) of 220-230 K, as seen
by using a pulsed laser deposition method employing stoas a broad cusp in Fig.(d). The transport property stays
ichiometric targets as reported previouslyFor achieving barely metallic and negative MR remains at low tempera-
atomically regulated epitaxy, SrT¥O(001) single-crystal tures. The MR defined d(0 T)—p(7 T)]/p(7 T) is as
substrates treated with NF-HF solution were usetf.Prior  large as 23% even at 5 K. By the analogy to the features
to the deposition, the substrate wasituannealed at 900°C observed for bulk La ,SrMnO; (Ref. 8 and
in 1 mTorr of oxygen for 20—30 min, resulting in the well Nd;_,Sr,MnO; (Ref. 20—22 crystals >0.5) as detailed in
defined TiQ terminated surface having straight and evenlythe following, we attribute the ground state to tAetype
aligned steps apart by about 150 rigorresponding to a antiferromagnetism as depicted in the inset of Fi@).1lin
miscut angle of 0.15°). After the procedure, the film deposi-the A-type spin structure, magnetic moment is ordered ferro-
tion was carried out at a substrate temperature of 800 °@agnetically in theab plane of MnQ layers and these lay-
while keeping 1 mTorr oxygen pressure. KrF excimer laserers are antiferromagnetically coupled along thdirection.
pulses of 100 mJ were focused on a target at a fluence of Itis known for the bulk crystals of perovskite manganese
3 J/cnt. During the deposition, reflection high-energy elec-oxides that increasing of the doping level abave0.5 tends
tron diffraction (RHEED) pattern was monitored by a to stabilize the AF state. In the case of;LgSr,MnO; and
charge-coupled device camera and real-time analyses welNd, ,Sr,MnO; system, for example, the compounds with
carried out by a computer. We could routinely observe perd.5<x<0.6 show the AF and metallic ground state without
sisting oscillation of specular beam intensitf.By counting  charge orderin§?°-?? The appearance of this interesting
the RHEED oscillation, the thicknesses »#0.4 andx phase can be explained in terms of subtle competition and

Il. EXPERIMENT
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sociated with such orbital ordering, the bulk crystal shows
the spontaneous macroscopic strain, i.e., the expansion of the
ab-plane lattice parameters and the shrinkage ofcta&is
parameter, due to coupling of the ordered orbital with the
cooperative Jahn-Teller distortiéh?! This antiferromagnet

is in sharp contrast to thed,2 y2/ds,2 ;2 quantum-
disordered orbital structure in the FM-metallic state, as real-
ized in the present=0.4 film, and also to thé\-type but
insulating_state with alternatés,2 2/dzy2 2 ordering in

Magnetization(ug/Mn site)

LaMnQ,.2"%8
; 1 Our assignment of the observed AF metallic state of the
O b b ST x=0.55 film to theA-type state withd,2 2 orbital ordering
0 10 200 300 400 is based on the following features of the present epitaxial
Temperature (K) film. First, the compositionX= 0.55) is in the regime of the

overdoping that diminishes the double-exchange interaction
and relatively stabilize the superexchange interaction as ob-
served for the corresponding bulk crystals. More impor-
tantly, the presence of the macroscopic biaxial strain in the
presentx=0.55 thin film, expressed as a smalla value
(0.970 as shown in Table I, can further favor such an
orbital-orderedA-type state. Conversely, the external biaxial
strain should stabilize thA-type AF spin ordered state via
the Jahn-Teller channel rather than the FM state with orbital
disordered state.

Resistivity (L2 cm)

8k 3
| FTITITTTAIT I INTTTIIT IIIN B. A-site modulated La_,Sr,MnO ; superlattice
0 100 20 300 400
Temperature (K) 1. Structural characterization
We have fabricated numbers dfx=0.4 (m u.c.)X
=0.55 (n u.c.)]yg (u.c. stands for unit cellssuperlattices

FIG. 1. Magnetic and electrical properties of 100-nm-thick

La; ,SrMnO; (x=0.4 and 0.55) single-layer films grown on . T
SITiO; (001) substrate(a) Temperature dependence of magnetiza-O" SrTiO; substrates. Hereafter, we express the combination

tion measured during cooling in a magnetic field of 500 (B€) of layer thicknesses in superlattices [&,, An], whereF
applied along thé100] direction in the film plane. Ferromagnetic andA represents the=0.4 (FM) andx=0.55 (AF) layers,
and antiferromagnetic transitions were observed @  respectively. As discussed in the previous section, the anisot-
=330-340 K andry=220-230 K, respectivelyb) Temperature ~ropy of crystal structure representedaa plays an impor-
dependence of resistivity measured during cooling in various magtant role in defining the ground state. When we construct
netic fields. Magnetic fields were applied parallel to the current insuperlattices composed @-type AF and FM layers, not
the film plane. The inset t@) is the spin and orbital structures: The only the composition but also the crystal structure is modu-
x=0.4 film has ferromagnetically ordered spins with disorderedlated alternately along the growth direction, both of which
orbitals, while thex=0.55 film is A-type antiferromagnetic spins should give rise to XRD satellite peaks.
with orderedd,2_2 orbitals. Figure 2 exemplifies a contour mapping of reciprocal lat-
tice around114) peak of d Fqp, As] superlattice measured
compromise between the double-exchange interaction medby using a four-circle diffractometer. Horizontal and vertical
ated with the carrieey electron and the,, spin superex- axes areQ vectors in the reciprocal lattice along th&l10]
change interaction. Namely, tha._,.-type orbital is or- direction (in-plang and [001] direction (out-of-plane, re-
dered in theab plane to maximize the carrier kinetic energy spectively. Near th€l14) peak of the substrate, there can be
via the double exchange interaction, yet spins are couplegeen a sharp and strong peak denoted as 0, corresponding to
antiferromagnetically along the axis to gain the superex- the fundamental Bragg diffraction of perovskite. T®g;q
change energy. This intuitive scenario has in fact been subralue of the superlattice is identical to that of the substrate,
stantiated by several theoretical calculatiéti€® Upon the indicating coherently strained epitaxy of the superlattice.
phase transition to the layer-typA-type) spin ordering as- Namely, there is no misfit dislocation at the interfaces be-

TABLE |. Lattice parameters and crystal symmetry of tke0.4 and 0.55 single-layer films of
La; ,Sr,MnOj; together with those of the SrTisubstrate.

Symmetry a(nm) c(nm) cla
x=0.4 tetragonal 0.391 0.384 0.983
x=0.55 tetragonal 0.391 0.379 0.970

SrTiO; cubic 0.3905 0.3905 1
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FIG. 2. Reciprocal lattice mapping of x-ray diffraction around 10! B o SUMEE,
the perovskite (114 peak for a [x=0.4 (10 u.c.)x ©
=0.55 (3 u.c.)yo superlattice. The horizontal and vertical axes 10° §
are along[110] and [001] directions, respectively. Doublet peaks é
are due toKa; and Ka, of Cu radiation. Fundamental peak and q A
superlattice peak denoted as 0 andl, respectively, are observed at é’ 10
the same&) o Vvalues as that of the substrate, indicating the coherent §
. . . =] -2
epitaxy of the superlattice film. = 10
tween the adjacent constituent layers as well as at the inter- 10°
face between the film and the substrate.
The satellite peak denoted asl in Fig. 2 originates from 10’8.7'2' e 080 s
superlattice modulation along the growth direction. To ana- 1/d(1/A)
lyze the superstructure along the growth directioft;@scan
was performed for the sami& 15, As] superlattice as shown
for the (001) and(003) zone areas in Fig. 3. Although satel-  Model composition c-axis length
lite peaks can be seen in the both areas, we note the fact that o
the intensity of satellite peak is asymmetric around funda- I) Y w diffused averaged value
mental peak around th@01) fundamental peak. This large PP ?ﬁgzgﬁn)m 3.828
asymmetry can be explained only when we take account of
the c-lattice parameter modulation and the compositional
modulation between constituent layers as discussed below. () | modulated averaged value
We have carried out the simulation of the satellite peaks Lag 6510 4MnO; 3.828A
based on the one-dimensional step m3&é&?We examined *1.80.45570.55MnO;
the following four models, as also depicted in the lower
panel of Fig. 3, by the combinations of the two factors, i.e., t{?Q .
the composition and the-axis lattice parameter. am 4 “ 4 ﬁ;ff;i&nos I%(?g%aﬁizom)
(i) La/Sr concentration modulation is completely smeared IIIJIT =04346) +3.786A(x=0.55)
out (diffused to yield an averaged Sr content pf 0.435
and therefore the lattice parametershows an averaged
value of 0.383 nm. wv) ¢ :::: MO modulated
8,610 4MnO, 3.840A(x=0.40)

(i) La/Sr concentration has perfect modulation as de-
signed. However, the lattice parameteyields an averaged

Va“{? Ofa?'383 nm. . letelv diffused FIG. 3. 20-6 scan of x-ray diffraction arounda) (001) and
(iii) La/Sr concentration is completely diffuse .However,(b) (003 fundamental peaks for a[x=0.4 (10 u.c.)k

the lattice parametet is perfectly modulated as 0.384 and _q 55 (3 y.c.],, superlattice. The numbers denoted on the peaks
0.379 nm.(Although it is hard to rationalize this case, this jngicate thenth superlattice peak. The peak intensities of satellite
calculation highlights the importance of lattice modulation peaks are normalized by the those of perovskite fundamental peak
for the appearance of satellite peaks. denoted as 0. Intensities of satellite peaks are calculated with the
(iv) La/Sr concentration is ideally abrupt at the interfaceone-dimensional step model by assuming the four models with dif-
and the lattice parameteris also perfectly modulated. This ferent modulation structures in La/Sr composition and lattice pa-
model stands for the ideal case. rameter as illustrated in the lower parisée also text
The calculated peak position and the relative intensity
normalized by that of the fundamental perovskite peak ar@osition and asymmetric peak profile, in which intensity of
plotted in Fig. 3. The experimental result well agrees withsatellite peaks in the left side of the fundamental peak are 20
the model(iv) where both La/Sr composition and lattice pa- times as high as those in the right side, are quantitatively
rameterc are ideally modulated: The observed satellite peakeproduced. Even when either of modulations in the lattice

(,@;2?5\; +L.2g 45810 5sMnO; +3.786A(x=0.55)



PRB 61

4 L L
Lay 6519 4MnO;

—
T

[FS’ Al()]
r Lag 4551 5sMnO;
B 1 T

Magnetization(;/Mn site)
o

-

O N
0 100 200 300 400
Temperature (K)

FIG. 4. Temperature dependence of magnetization forxthe
=0.4k=0.55 superlattices measured during cooling in a magnetic
field of 500 Oe applied alond.00] in the film plane and normalized
by the total number of Mn ions in the superlattices. The respective
layer thickness of the constituext=0.4 (F) andx=0.55 (A) lay-
ers is given bym unit cells andn unit cells in the notation of
[Fm, A,l, respectively. The data for th&#=0.4 and x=0.55
single-layer films are also shown for comparison.

parameterc or the La/Sr compositional modulation is miss-
ing, the peak profile cannot be reproduced as seen in Fig. 3.
Therefore even th&=0.55 layer is as thin as 3 u.c. in the
superlattice, the large tetragonal distortwia is kept as that
of the thickx=0.55 single-layer film, suggesting thattype
AF spin ordering is stabilized vial2_y2 orbital ordering.
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FIG. 5. Magnetic-field dependence for the magnetizatiox of
=0.4k=0.55 superlattices. Th&=0.4 (F) layer thickness is
fixed to be 10 unit cellgu.c) while thex=0.55 (A) layer thick-
ness is varied from 1 to 5 u.c. The values of magnetization are

This result gives an important conjecture on the carrier dyhormalized by the total number of Mn ions in the superlattices. The

namics in the superlattice: The carriers in the respective corflysteresis curve was measured after the zero field cooling and mag-
stituent layers will be well confined due to the persistentnetic field was applied along tha axis. There is no difference

A-type AF spin ordering as well as to the persistdpt |2
orbital ordering in thex=0.55 layer. This will be argued in
the latter subsection in detail.

2. Magnetization

between the hysteresis shapes after zero field cooling and after field
cooling.

words, it appears that the observed magnetization comes
from the x=0.4 layers alone, and that the=0.55 layers
have the same AF state to that of the single-layer film. This

Figure 4 shows magnetization of the superlattices as @ssignment is consistent with the aforementioned results of

function of temperature. The magnetization is normalized by
the total number of the Mn ion in the superlattices. All the
superlattices show a clear FM transitiofe is scarcely
changed by thex=0.4 layer thickness. Even when the
=0.4 layer is as thin as 3 u.€1.2 nm, T remains as high

as 280—290 K. To estimate the absolute value of magnetiza-
tion, M-H curves were measured at 5 K, as shown in Fig. 5.
In the both processes after zero field cooli@fC) and after
field cooling (FC), hysteresis loops showed almost the same
saturation magnetization, remanent magnetization, and coer-
cive force H¢). Except for slight difference iHc of the
respective superlattices, no significant change depending on
the layer thickness was observed in hysteresis curves. This
result indicates that spin canting arising from magnetic cou-
pling at the interface between FM and AF layers is minimal
in this type superlattice. Figure 6 shows variation of the rem-
anent magnetization obtained from the hysteresis loops mea-

:q.ﬁ\ 4 : o ILaO6SI‘04MnO3 :
k2 i (Fip Al 2}
§ 3L [Fi Al ]
S P Eag TN
2 b FoAd A
g B [F3,A10] / n
3 [ [Fip» Asl
= A ] i ]
o 1} —
§0 i (Fio Azl 1
S i sSnsMn0, ]
00 02 04 06 08 1.0
10,40/ (t0.40% 0 55)

sured at 5 K after ZFC. The magnetization appears to be FiG. 6. Remanent magnetization at 5 K normalized by the total

simply proportional to the volume fraction of the=0.4

number of Mn ions is plotted as a function of volume fraction of the

layer,tg 4/ (to4tto 55, Wherety 4, andty ssare layer thickness  FM layers,tq 4/(to.4+ toss), wheret, , andt, 55 represent the thick-
for the x=0.4 and thex=0.55 layers, respectively. In other nesses of th@=0.4 and thex=0.55 layers, respectively.
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the structural characterization/a of the Lag 451y 5sMNO;

layer is kept anisotropic even in the superlattices, perhaps |AF 1aver thickness even odd

reflecting thed,2_2-type orbital ordering andA-type AF

ordering. Therefore we conclude that spin and orbital struc- - - -

tures are modulated in the=0.4k=0.55 superlattices with M — o o | M < - <

abrupt interface on an atomic scale. (2) FM coupling® g —
. . . pling — — —

Even though orbital and spin structures are dramatically AF  « « | AF -5
different, thex=0.4 andx=0.55 layers appear to maintain -— - - -— - =
their structure and physical properties in the superlattices. M T | M
This is in striking contrast to the previously reported FM/AF
superlattice$. The ferromagnetism of [gSr MnO; is
strongly suppressed by combining witlis-type AF -— - -
LageSly4FeOQ; in the superlattice. When 10-u.c.-thick <« «— <« | FM DR
LageStyMnO; is  combined with a  5-u.c.-thick M- r 14
LageSlyFeO; layer, To and magnetization of the .

Lag ¢Slh.,MNnO5 layer are suppressed to 185 K and /0:8 (&) 90" rotation | AF I i i AF X : Z
respectively, and the ferromagnetism disappears for the -— — -

5-u.c.-thick Lg ¢St ,MnO; layer. Such remarkable suppres- M-l T
sion of the FM state adjacent to ti&type AF state can be - . -

explained by the presence of spin frustration at the interface.

In the case of>-type AF spin ordering(001) plane shows a * AF inter-layer coupling gives the same apparent magnetization
Stagggred patte_rn of the spin arrangement, and hence CausesFIG 7. Possible spin arrangements at the interfe@eMagnetic

the spin frustration at the interface with the FM layer in thelgguplin.g . interfgce betwgeen oM Sfetype AF Iayersgis or.
prgsence .Of _the exchange m_teractlor_l betwe_en the Mn_a_md romagnetic. In zero field, the magnetic coupling between adjacent
spins. This induces app_remable spin canting and cnﬂcall;i:M layer depends on whether the numiieven or oddi of atomic
SuppreSSEs ferr.on;agnetllsm 0f0!58r0-4MnQ3' Or;] the con- layers in the AF layer(b) The relative spin angle between FM and
tfafY’ such a spm rustration does nOt,ex'St f"‘tt eA.IWpe AF layer is 90°. There is no magnetic coupling between adjacent
AF interface in the present superlattice, since spins of the,, layers.

A-type AF state are ordered ferromagnetically on (b@l)

interface plane. Ferromagnetism of thee 0.4 layer is hardly [Fs, Asl, [Fs, Asql, [Fio, Asl, and[Fyo, Asql. The re-

modified in this type of superlattices, and hence the \{ariatio%istivity was calculated with taking the total superlattice
of spin ordering structure can be abrupt on an atomic scal§yickness into account. At a glance, it is noticeable that the
_ To understand the magnetic properties of the superlaggisiivity and MR behaviors are similar to each other re-
tices, magnetic coupling between FM aAdype AF layers oo rqjess of the combination. All the superlattices show me-
has to be considered. Figure 7 shows possible configuration§ic temperature dependence of resistivity. Although the

of magnetic ordering structure. If there is distinct ferromag'magnitude depends on the combination, negative MR was
netic or antiferromagnetic coupling between neighboring FM '

) ) observed over a whole temperature region. When we com-

and AF layers as shown in Fig(&, the coupling between
the neighboring FM layers should depend on whether the
number of intervening AF atomic layers is even or odd; even
atomic layers of AF induces antiferromagnetic coupling be-
tween adjacent FM layers and odd atomic layers of AF does
ferromagnetic coupling. In the former case, the remanent
magnetization should apparently disappear even though the
respective FM layer shows full magnetic moment. In our
experiment, however, there can be seen no such an even-odd
effect (see and compare, for examplgFqy, Anl(n
=1, 2, 3, 4, and 5) superlattices in Figs. 5 andThere-
fore, we can conclude that the interface of the present
FM/AF superlattice probably takes the 90° magnetic cou- ]
pling as depicted in Fig.(B). Such a 90° magnetic coupling 0 100 200 300 400
is observed in the Fe films grown on stepped ©01)
substraté>>2in which the net magnetic moment is directed
perpendicular to the magnetic easy axis of AF layer even in F|G. 8. Temperature dependence of resistivity 6, As],
the case of collinear magnetic coupling between neighboringr,, A, [Fio, As], and[Fyy, Ayol Superlattices in magnetic
spins at the FM/AF interface. fields.mandn in the notation of F,,, A,] represent the number of
unit cells (u.c) of the constituent ferromagnetid={ x=0.4 and
antiferromagnetic &) x=0.55 layers of the superlattices involving
20 repeat units, respectively. The resistivity was measured with

Figure 8 shows the resistivity in magnetic fields for su-decreasing temperature. Magnetic field was applied parallel to the
perlattices where layer thickness and combination areurrent direction within the film plane.
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pare the resistivity between superlattices having the same 14000
=0.4 layer thickness, such &5;, Az] vs[F3, Ayl and 12000k
[F1i0, Azl vS[F19, Aigl, the resistivity increases with in- :
creasing thex=0.55 layer thickness. s 10000F
Before going to discussion on the superlattice, let us show g s000k
first review the transport characteristics of tAdype AF ~ :
single layer. The resistivity of tha-type AFx=0.55 single g 6000
layer is higher than that of the 3D ferromagnet, ixes0.4 & 4000:
layer, as seen in Fig.(h). In the ground state of thA-type © :
antiferromagnet, conduction electrons can move only in the 2000F
ab plane, and cannot hop between adjacent Mi&yers L j
because of the AF coupling alorgdirection. An important 0 02 04 06 08 1.0
consequence of th&-type spin ordering is a huge anisotropy Lay 45570.5sMnO; to.1/ ousHo )
of charge dynamics. According to the double-exchange 04004077055
model, electron hopping is expressed as FIG. 9. Conductivityo at 5 K as a function of volume fraction
toal/ (to.at+to 55, Wherety , andt, 55 represent the thicknesses of the
t=to-cog6/2), (1) constituenx=0.4 andx= 0.55 layers, respectively: is normalized

th the total thickness of the superlattice. Threvalues of thex
=0.4 and thex=0.55 100-nm-thick single-layer films are shown

- . . e for the comparison. A solid line represents a relationship between
A-type state may confine the carrier motion within the FMto.4/(to44+to.5§ ando of the x=0.4 single-layer film or the super-

ab .plfir?e. A huge- anisotropy of the axis to the_ab-plane lattices whosex=0.4 layer thickness is fixed to be 10 u.c. A broken
resistivity (amounting to 1¢) as observed for a single crystal |ine connects the data of the=0.55 single-layer film and the su-
of Nd; ,SrMnO; (x=0.55) has confirmed such a 2D me- perjattices whose=0.55 layer thickness is fixed to be 10 u.c. The
tallic state in theA-type AF staté:’ intersection between the broken line and the right ordinate may
The results of structural characterization and magnetizandicate o of a hypothetical LgSr MnO; single layer where
tion measurement on the superlattices indicate thatxthe thickness is thin enough (10 u.c.). Two superlattices of
=0.4 and thex=0.55 layers keep original FM and-type  [F;, Az] and[F.o, A;], having the samég 4/(to4+1tosd, Show
AF properties, respectively. Considering the 2D nature oflifferent o as indicated by the broken arrow.
carrier dynamics in thé\-type layer, the resistivity of the
superlattices can be regarded to the first approximation as a To elucidate the carrier motion at the interface, we argue
parallel circuit of component layers. On this ground, thethe transport properties in a magnetic field. Magnetic field
ground-state(5 K) conductivity (o) of the superlattices is increasese monotonically and the magnetoconductivity
plotted against the volume fraction of the=0.4 layers, [o(H)—o(0)]isin near proportion with magnetic fieldot
toa/(tosttoss, in Fig. 9. The parallel-circuit model can ex- shown. Figure 10 shows the temperature dependence of
plain, as in the case of magnetization results, overall trangmagnetoconductivityAo=o(7 T)-o(1 T), for the super-
port properties qualitatively. For example, when the inter-lattices and the single-layer filngaote a logarithmic scale on
vening AF (x=0.55) layer thickness is as large as 10 wc., the ordinat¢ The Ao can be expressed to the first approxi-
of the superlattice appears to be simply proportional to thénation from Eq.(2) as
volume fraction of the constituent=0.4 films, as repre-
sented by a broken line in Fig. 9. In a simple parallel-circuit
model, o of superlattice is expressed as

where @ is the relative angle between the spins on adjacen
sites®® Therefore thec-axis AF coupling §=180°) in the

Ao=A004X1tgal(tgsttoss) +A0gs5Xtgss/(toat to.55)(a

0=004%X1t04l(tg 4+ tos5) + 00 55X to 55/ (L4t toss), (2)

where o 4, and o 55 are the conductivity ok=0.4 andx
=0.55 layers in the superlattices, respectively. However,
when the thickness of the constituenit 0.55 layers is small
enough €5 u.c.), the superlattice cannot be considered as a
parallel circuit. As indicated by a solid line in Fig. 9, the
superlattice with[F;5, A,](n<5) shows much highetr [
than the extrapolated valu@ broken ling of the n=10 10 L
based parallel-circuit model. As a clear example;, Asz] E
and [Fqy, Ajg] superlattices, both having the FM layers N
with 50% volume fraction, show quite a different behavior of 0 10 200 300 400
o (a broken arrow in Fig. P The o of [F5, As] superlat-
tice, 50000Q°' cm!, is twice as large as that of
[Fi0. Aol superlattice, 220001 cm™* at 5 K, in spite of FIG. 10. Temperature dependence of magnetoconductivity
higherT¢ of [F19, Ajo] than that of F3, As] (see Fig. 4 Ao, [o(7 T)-o(1 T)], of the respective superlatticeso of the

This indicates that we may have to consider the mixing ofx=0.4 and thex=0.55 single-layer films are shown for compari-
spin-orbital structure between the two constituent layers agon. A shaded area indicates the region which is represented by the
the interface. parallel-circuit modelsee texk

1000
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Temperature(K)
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where Aoy, and Ao 55 are the magnetoconductivity of
=0.4 andx=0.55 layers in the superlattices, respectively. In
this model,Ao in the superlattice should position between
the Ao curves for thex=0.4 and thex=0.55 single-layer
films, as indicated by a hatched area in Fig. 10. In Fig. 10,
Ao has a peak aroundl: and increases further toward low
temperature. The peak dfo aroundT arises from the first
term in Eq.(3), i.e., conventional MR effect of the FM
=0.4 layer. The magnitude oAo at T, is reasonable
(within the shaded area in Fig. 1®&hen the volume fraction

of the FM layers is taken into account. Howevarg of the @

superlattices at low temperatures is much larger than those G, 11. Schematic illustration of the spin arrangement of the

for single-layer films and rather enhanceith decreasing x=0.55 layer in the superlattices. The spin angle between neigh-

the x=0.55 layer thickness. For exampl&g of [F3, Az] boring MnQ, layers in thex=0.55 layer is denoted a&. (a) 4 is

superlattice at 5 K is as large as 200D cm ! and much  deviated from 180° as a result of orbital mixingh) A further

larger than those ofx=0.55 (70 Q"' cm 1) and x decrease ob by field-induced spin canting enhances the possibility

=0.4 (120 Q"' cm™Y). ThereforeA in superlattices at ©f the electron hopping through the=0.55.

low temperatures cannot be explained well by the simple

parallel-circuit model when the constituexit0.55 layer is  pling between the=0.4 layers(i.e., dimensional crossover

thin enough, typically<3 u.c. and the largel o increasing toward low temperature as ob-
In the above discussion oo, we have ignored orbital served.

mixing at thex=0.4k=0.55 layer interfaces for the sake of

simplicity. In this assumption, conduction electrons in

Lag 4S8l sMNnO; are two-dimensionally confined in the IV. SUMMARY

MnO, layer at the ground state since thetype AF spin Structural and physical properties of the;LaSrMnO,
ordering prohibits carriers hopping along tleedirection. (x=0.4 and 0.55single-layer films and the= 0.4k=0.55
When a magnetic field is applied, the AF spin structure ingyperiattices were investigated. As in the case of the corre-
x=0.55 layer is canted to redueefrom 180°. The reduced sponding bulk crystals, the increase ofrom 0.4 to 0.55

¢ (and perhaps the associated mixing indaf> 2 orbital  alters the metallic ground state of the film from FM to AF
componentinduces thec-axis hopping of electrons and re- (layered orA-type). In particular, strong tensile stress from
sultant dimensional crossover from 2D to 3D. In response tehe SrTiQ (001) substrate appears to stabilize thg_2

the field-induced deconfinement effect, not only tiaxis  orbital order for thex=0.55 thin film, and hence tha-type
resistivity but also theb plane resistivity should be reduced antiferromagnetism. Magnetization and structural character-
as a sort of spin-valve effect and this has been observed fdzation of the superlattices indicates that the constituent
the A-type AF state of a Ngd,SrMnO; (x=0.55) =0.4 andx=0.55 layers essentially keep their magnetic
crystal.zl In fact, the MR belowTy, persisting to(or even  properties, even when the constitugnt0.4 layer is as thin
increasing towardthe lowest temperature, is observed foras 3 u.c(1.2 nm. Therefore, unlike other superlattices com-
the present=0.55 film[see Fig. 1b)] in contrast to the MR  Posed of alternate FM ar@-type AF layers, the spin order-
around T for the x=0.4 film. Therefore conduction elec- N9 at the interface is fairly abrqpt on an atomic scale. Over_-
trons in the FMx=0.4 layers of the superlattid€ ,, A,] all features _of transport properties can be well understood in
should also be confined withim MnO, layers without mag- terms of a simple parallel-circuit model except for the case of

netic field because they cannot enter into the AF layers at th@e thin (=3 l.J'C') Intervening AF film where carrier motion
interface. along thec axis becomes possible perhaps via slight modifi-

Here we note again that the orbital ordering serves as gation of theA-type spin O(der".‘g- Larng_at low tempera-
driving force for theA-ype spin ordering in thex=0.55 fures for sgch. a sqperlattlce fl_Im can 'be mterpreted in terms
laver. If d lectron orbitals in thec=0 55 | ' of magnetic-field induced spin canting in the constituent

yer. x2-y2 €lECtron Orbitals In Ih&="=.05 fayer are layer, leakage of carriers across the AF layers, and the en-
partially mixed withd,2_2/d3,2 2 quantum-disordered or-

bitals in thex=0.4 layer and possess finite component ofhanced coupling between the=0.4 layers.
ds,2_,2, the spin angle between neighboring Mn@&omic
layers in thex=0.55 may deviate from 180° as shown in
Fig. 11(a). As a result, electron hopping along tbéirection

in the x=0.55 layer becomes possible as expressed by Eq. We thank Y. Murakami and T. Kiyama for their collabo-
(1). This model can explain, beyond the simplest parallel+ation in structural characterization of the superlattices. This
circuit model, the smaller resistivity dfF3, As] superlat-  work, partly supported by New Energy and Industrial Tech-
tice than that of F,9, Ajg] superlattice. Further increase of nology Development OrganizatiofNEDO) of Japan, was
electron hopping between the=0.4 layers through th& performed in the JRCAT under the joint research agreement
=0.55 intervening layers in the superlattice can be caused hyetween the National Institute for Advanced Interdiscipli-
field-induced spin canting in AF layers, as shown in Fig.nary ResearchiNAIR) and the Angstrom Technology Part-
11(b). This mechanism should give rise to the effective cou-nership(ATP).
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