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Competition of interbilayer magnetic couplings in R4 ,Sr; Mn,0,; (R=La;_,Nd,)
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Chemical substitution effects on the magnetic and transport properties have been investigated for single
crystals of(La; _,Nd,) 1 sSr; gMn,0; with bilayer structure. We have found that the ferromagnetic ground state
for z=0.0 is replaced by a layered antiferromagnetic state with alternating ferromagnetic bilayers kheyond
=0.1. Reflecting the subtle balance of the competing interbilayer exchange couplings, application of an
external magnetic field induces an antiferromagnetic-ferromagnetic transition. The transition accompanies a
switching-type reduction of the current-perpendicular-to-plane resistivity, which can be viewegpias\alve
functionality.[S0163-182@9)02102-5

Manganese oxide with cubic perovskite structure hasneans of neutron powder diffraction measurement, which
stimulated interest because of their magnetoresigiWR) indicates strong competition between the ferromagnetic and
properties; they exhibit an extremely large change in resis-antiferromagnetic interbilayer magnetic couplings. Reflect-
tance in response to applied magnetic field. But for technoing a subtle balance between the competing interactions, ap-
logical applications to magnetic memory or switching deviceplication of a low magnetic field goH~0.3 T) induces an
to be viable, great improvements are needed in the field sepmtiferromagnetic-ferromagnetic ~ transition. The current-
sitivity. Hwang et al. have found a low-field magnetoresis- perpendicular-to-planéCPP-MR shows a switching behav-
tance(MR) in the granular system of cubic manganites a”dior [the MR ratiop(0)/p(H) is ~250% atuoH=0.3 T] at
have ascribed the effgcts to the intergrain tun_neziimgl_the the transition, which corresponds to theen and shuof the
other hands, Sumet al” have synthesized a trilayer film of natural spin valve of the locab, spins(see Fig. 3

cubic manganites and confirmed a spin-valve functionality. Single crystals of (La ,Nd,), .St MNn,O, were grown
z!NYz)1.4°"'1.6 27

In contrast, Moritomoet al# have found that the doped ) .
manganites (La,$Mn,O; with layered structure shows a by t.he.floatm.g-zolne method at a fegdmg speed of 14 mm/h.
a$t0|ch|ometrlc mixture of commercial L@;, Nd,O;, and

large MR near above the insulator-metal transition temper q q d and calcined
ture T... In this layered manganite, the Mp®heets are iso- >'-C and MO, powder was ground and calcined two

lated by two L&SnO planes, keeping the two-dimensional _times at 13OQ °C for 24 h. The resulting powder was pressed
networks of the Mn@ octahedra. A low-field magnetoresis- INt0 @ rod with a size of 5 m#x 60 mm and sintered at
tance has been reported for crystalline, k%r; ¢Mn,0O, (X 1350°C for 48 h. The ingredient could be melted congru-
=0.3) under hydrostatic pressuteyen though the magnetic €ntly in a flow of air. Large crystals, typically 4 mm in di-
structure remains unknown. This observation suggests th@meter and 20 mm in length, were obtained with two well-
potentialities of the bilayered manganites for applicationsdefined facets, which correspond to the crystallographic
Up to the present, extensive studies on the magnetic analb-plane. Powder x-ray-diffraction measurements at room
lattice structure were performed on 4.3,Sr . ,,MNn,0,.5°8  temperature and Reitveld analySisdicate that the crystals
In this system, the hole-doping procedure not only decreasesere nearly single phase. The crystal symmetry is tetragonal
the nominal concentration of treg carriers, but significantly  (14/mmm; Z=2) over the whole concentration range. Ob-
release the static Jahn-Teller distortion of the MnO tained lattice parameters are listed in Table | together with
octahedra:'° Such a structural variation affects the magne-the data forx=0.4 (cited from Ref. 11 The lattice constant
totransport properties. In addition, chemical substitution ofc is much larger as compared with that fo=0.4, reflecting
smaller Nd™ ions for L&" ions also influences the magne- the enhanced static Jahn-Teller distortion of the MnO
totransport properties. At=0.4, the ferromagnetic metallic octahedra.
state disappears when the Nd concentration exceeds The chemical pressure significantly affects the anisotropic
40%** Such chemical pressure effects have been ascribed toagnetic properties. Figure 1 shows the in-plahk,) and
the enhanced static Jahn-Teller distortion and the resultamut-of-plane M.) components of the magnetization curves
change of the orbital character of theg electrons from at 5 K. The magnetization curves 2+0.0 indicate that the
dy2_yo-like to dg,2_2-like. compound is ferromagnetic with easy axis perpendicular to
In this paper, we have systematically investigated theéhe MnGQ, sheet. The ferromagnetism as well as the direction
chemical pressure effect on anisotropic magnetotranspodf the easy axis were confirmed also by neutron-diffraction
properties for the bilayered manganites,; k3, Mn,O;  study® This makes a sharp contrast with the cas&oD.4,
(x=0.3. We have determined the magnetic structures byn which the easy axis lies in the Mp@heet. Such a varia-

0163-1829/99/5d)/157(4)/$15.00 PRB 59 157 ©1999 The American Physical Society



158 BRIEF REPORTS PRB 59

TABLE |. Lattice constants for prototypical bilayered manganites, determined from x-ray powder-
diffraction data collected at 300 K andz means nominal hole concentration and Nd concentration.

Compound X z a(A) c (A)

Lay ,Sr, Mn,O, 0.3 0.0 3.858@®) 20.3041)
(Lag 6dNdo 09 1 45 Mn,0; 0.3 0.05 3.8602) 20.3251)
(Lag Ndg. 1)1 45t MN,0; 0.3 0.1 3.8566) 20.3172)
(Lag Nty 2) 1 45T, Mn,0; 0.3 0.2 3.8550) 20.3181)
(Lag Ndo.2)1 St Mn,0; 03 03 3.849(8) 20.2961)
La, ,Sr, Mn,0; 0.4 0.0 3.875@) 20.14969)
Nd; ,Sr, Mn,O, 0.4 1.0 3.8348) 20.15699)

tion of the easy axis is ascribed to the enhanced Jahn-Teller To determine the spin structure of the antiferromagnetic
distortion atx=0.3, and resultant change of the spin-orbitstate, we have measured powder neutron patterns for
coupling. Atz=0.1, a steep peak structure is observed a{Lay Nd, )45 Mn,O; (z=0.1). The powder profiles
Ty=60 K in the out-of-plane component of susceptibility ~ were obtained with Kinken powder diffractometer for high
(not shown, indicating an antiferromagnetic transition. The efficiency and high-resolution measurements, HERMES, in-
out-of-plane component of magnetizatidh, gradually in-  stalled at the JRR-3M reactor in Japan Atomic Energy Re-
creases with field below- 0.3 T, and then steeply jumps up search Institute, Tokai, Japan. Neutrons with wave length
to ~3 wg near the ideal value, indicating a metamagnetic1.819 A were obtained by th@31) reflection of Ge mono-
transition from antiferromagetic state to ferromagnetic statechromater, and a combination of 't2-Sample-18 colli-

On the other hand, thiél ,,— H curve(filled circles shows a  mator. Melt-grown crystal ingots were crushed into fine
gradual increase. With further increaseszpthe upper criti-  powder and were sealed in a vanadium capsule with helium
cal field ugH. , increases from~0.3 T atz=0.1t0o~6.5T gas, and mounted at the cold head of the closed-cycle He-gas
at z=0.3. The large field hysteresis suggests that the metaefrigerator. In Fig. 2 are shown powder patterngza.1
magnetic transition accompanies a significant lattice structogether with results of Rietveld refinemeriiat-Rietan?);

tural change. the upper panel is for 100 KXTy=60 K) and the lower
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FIG. 2. Neutron powder profiles fat-ag gNdy 1) 1.4SH MN,0; at
100 K (=Ty; upper pangland 15 K (< Ty ; lower panel. Shaded
FIG. 1. Anisotropic magnetization curves  for areas indicate magnetic reflections, which are indexed in the
(La;_,Nd,)14Sr gMn,O; at 5 K. Open and filled circles stand for I4/mmmsetting. The solid curve is the result of the Rietveld re-
the out-of-plane 1)) and in-plane M) components, respectively. finement R,,=10.17 at 100 K andR,,,=9.34 at 15 K.
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FIG. 4. Magnetic phase diagram for (a
@ La, Nd or Sr (Lag dNdp, 1) 1.451.eMN,0;7 and (b) (Lag gNdp.2) 1.4 éMN07. Open
and filled circles are the uppeH¢ ) and lower H, ) critical field,

FIG. 3. Schematic lattice and magnetic structures forrespectively. AFM, FM, and PM denote antiferromagnetic, ferro-
(Lag gNdp 1) 1451 Mn,0O5: () without magnetic field andb) with magnetic, and paramagnetic states, respectively. Hatched areas
field along thec direction. Octahedron and thick arrow represent thestand for bistable regions.

MnOs octahedron and,, spins, respectively. Gray circles denote
the rare-earth (L3 or Nd®*) and alkaline-earth (3F) ions. dra along thee direction is advantageous for the inter-bilayer
hopping of thee, carriers, and hence the double-exchange
panel is for 15 K &€Ty). The lattice parameters are deter- interaction. Such a subtle balance can be inverted by slight
mined to bea=3.8513(2) A ancc=20.265(1) A at 100 K structural modification induced by the chemical substitution,
anda=3.852q2)A andc=20.236(2) A at 15 K. The ob- and the negative coupling dominates beyard.1. Kimura
tained magnetic structure at 15 K is of a layered type, agtal’ have found that application of hydrostatic pressure
schematically depicted in Fig.(d), with magnetic moment induces a significant increase of resistivity in the low-
of 3.3 0.05u5 along thec axis. The exchange coupling is temperature state. Judging from the presently investigated
ferromagnetic within the bilayer but antiferromagnetic be-chemical pressure effects, the change can be ascribed to the
tween the neighboring bilayers. The effective transfer inte€nhancechegativeexchange coupling and resultant antifer-

gral te in the double-exchange syst&his expressed as romagnetic spin ordering. It should be mentioned that an-
other type of layered antiferromagnetic structure is observed
te=1to- CO 6/2), (1)  for the bilayered manganites in the heavily doped regon (

=0.45.° Contrary to the present case, the magnetic coupling

wheret, and ¢ are bare transfer integral and relative angle ofis antiferromagnetic within the bilayer but ferromagnetic be-
the adjacent,q spins. Then, the, carriers cannot hop into tween the neighboring bilayers. We have ascribed the intra-
the adjacent bilayers in the layered antiferromagnetic statpilayer antiferromagnetic coupling to formation of the
(te~0 if 6~ r; shutstate of the spin valye pseudo-two-dimensional band composed ady2_ 2

In Fig. 4@ are shown the magnetic phase diagrams deorbitals®1®
termined by the magnetization curves. AFM, FM, and PM  Finally, let us discuss the crucial effect of the magnetic
denote the antiferromagnetisee Fig. 8a)], ferromagnetic  structure(see Fig. 3 on the CPP transport properties. Figure
[Fig. 3(b)], and paramagnetic state, respectively. The criticab shows magnetic field dependence of out-of-plane compo-
fields, H;; and H.4, are determined from the inflection nent of resistivityp. (upper panél and magnetizatiorM,
points of the M-H curves in the field-increasing and (lower panel for (LaggNd, 1)1 4SH gMN,0O, at various tem-
-decreasing runs, respectively. A:0.1, the layered antifer- perature. Special care has been taken for the quality of the
romagnetic state exists only in the limited region ndax0.  crystal used in the CPP-MR measurement, to avoid any ex-
Application of low magnetic field £ 0.3-0.5 T along thec  trinsic effects due to intergrowth or grain boundaries. To
direction forcedly aligns the local spins, opensthe spin  improve the crystal quality, we have repeated the necking
valve [see Fig. 8)]. Similar magnetic phase diagrams are and seeding procedures six times. The obtained crystal, 3.5
obtained forz=0.2[see Fig. 4b)] and forz=0.3. However, mm in diameter and 20 mm in length, has been checked by
the critical field exceeds beyond 1 T. neutron-diffraction measurements, and was found to be es-

The subtle balance between tipositive and negative  sentially a single grain with mosaicness less than 0.5°. Large
magnetic couplings is considered to be an ascribed structurglze [1x 1.5(ab) X 3(c)mnt’] of the crystal enabled us to
feature of thex=0.3 compound, that i) the large inter- measurep, by a conventional four-probe method. Electrical
bilayer spacing ¢/2; see Table)land (2) large Jahn-Teller contacts were made with a heat-treatment-type silver paint.
distortion of the MnQ octahedra. The increased spacingOn cooling, thep. value increases and shows a local maxi-
suppresses the ferromagnetic double-exchange coupling mewm at~70 K, and then steeply decreases. With further
diated byeg-carrier hopping, though the coupling slightly decreasing temperature, a slight upturn is observed below
overwhelms inherent antiferromagnetic superexchangelike-40 K. The CCP-MR shows a switching behavior near be-
interaction atz=0.0. Note that the elongated Mg@ctahe- low the critical magnetic field for the antiferromagnetic-
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(LagsNdy. }1.4Sr1.6Mnz 05 dent. The MR ratio defined by (0)/p(H) is ~120% at

(040K ] 6 (150K H=0.3 T at 5 K. The ratio further increases upt®250%
L Hie ] (H=0.3T) at 40 K on approaching tdy (=60 K). At 150 K

Hlje

E D T 40 (=Ty), the MR behavior becomes qualitatively different:
S é the p. value decreases with the induced magnetizaltiiqras
< < 20 pC(O)—pC(H)oc—Mﬁ, indicating that the MR is of conven-

s . L 1 tional type due to reduced scattering by the local spins.
b gt P In summary, we have investigated chemical pressure ef-

‘ ’ fects on the magnetotransport properties for ASx; Mn,0,
=3 = 3rHle 4 o3FH|e . with bilayer structure. We have found strong competition
E ) g 2'_ ] g 2'_ ] between theositiveand negativeinterbilayer magnetic cou-
g \g | '/ 21 plings, which results in the metamagnetic transition accom-
E 1 § 1- / _ § 1 _ panied by the noble spin-valve behavior for the CPP-MR. In
- 1 - 1 order to clarify the origin of the interbilayer exchange cou-
0 S (x a— I pling, detailed investigations on the lattice structure, espe-
Magnetic Field (T) Magnetic Field (T) Magnetic Field (T) cially on the distortion of the Mn@ octahedra, is under

. . rogress.
FIG. 5. The current-perpendicular-to-plane magnetoresstancg 9

(CPP-MR; upper pangland corresponding magnetization curve
(lower panel for (LaggNdg 1)1 4Sr ¢Mn,0O5 at various temperature.
The magnetic field was applied perpendicular to the MisBeet
(Hlc).
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