
July 23: 1997 

v 
0 

Two-dimensional anisotropy in a layered metallic 
antiferromagnet RE1-,SrZMn03 with x - 1/2 

H. Kawano"t, H. Yoshizawab, J. A. Fernandez-Baca", 

Y. Tomiokad, H. Kuwaharad and Y .  Tokurad3e 

"The Institute of Physical and Chemical Research (RIKEN), Wako, Saitama 351-01, 

Japan. 
bNeutron Scattering Laboratory, I. S. S. P., Univ. of Tokyo, Tokai, Ibaraki 319-11, Japan. 

"Solid State Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831-6393 U. S. A. 

Joint Research Center for Atom Technology (JRCAT), Tsukuba, Ibaraki 305, Japan 

"Department of Applied Physics, University of Tokyo, Bunkyo-ku, Tokyo 113, Japan 

Abstract 

Some RE1-,SrZMn03 (RE=Nd, Pr) systems with 2 - 1/2 exhibit an A-type anti- 

ferromagnetic (AFM) structure instead of the expected CE-type magnetic structure. 

This can be understood as being a consequence of the increase of the band width (W) .  

These A-type magnetic systems also show salient features in their crystal structures. 

We proposed a two dimensional anisotropy of the transport as well as the magnetic 

properties for the A-type AFM structure and we show that we have, indeed, observed 

anisotropic. spin wave dispersion relations by inelastic neutron measurements. 
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1 Introduction 

Since the discovery of the large decrease in the resistivity by more than 10 orders of mag- 

nitude by the application of a magnetic field, the topic of giant negative magnetoresistance 

manganites has been extensively studied. Recently) it has been pointed out that the charge 

ordering in these systems plays an important role in the large suppression of the resistivity. 

When charges are localized by strong electron-electron interactions) the system becomes an 

antiferromagnetic (AFM) insulator, but this state is energetically very close to the ferromag- 

netic metallic state. Consequently, by aligning spins with an external magnetic field, the 

double-exchange (DE) mechanism is activated, which causes a large gain of kinetic energy 

and leads to a colossal magnetoresistance (CMR) phenomenon. 

As it is well known, charge ordering near x N 1/2 has been reported in several sys- 

tems such as Pr1-,CaZMn03 [l, 2, 3, 41, PrlpSrlpMn03 [5, 61, NdlpSrlpMn03[7], and 

Lal-,Ca,Mn03 [8, 91. In these half-doped perovskite manganites) the charge ordering was 

postulated to be of a CE-type structure with a concomitant magnetic order. However, the 

magnitude of the resistivity in the charge-ordered phase in several typifying systems ranges 

from over 107Rcm to 10-2Rcm as exemplified in Fig. 1. Especially one can recognize that, in 

the Nd0.4Sr0.6Mn03 sample, the resistivity shows almost metallic behavior in its AFM state. 

This prominent feature of the resistivity in the half-doped perovskite manganites motivated 

us to investigate their magnetic and structural characteristics in more detail utilizing the 

neutron scattering technique. For this purpose, we chose distorted perovskite manganite 

systems such as Prl-,Ca5MnOs, Ndl-,Sr,Mn03, and Pr1-,SrzMn03 with x N 1/2.  Re- 

cently) we have reported that, despite the expectation of the CE-type magnetic structure) 

some RE1-,Sr,Mn03 (RE=Nd, Pr) systems with x N 1/2  exhibit an A-type AFM struc- 

ture in their AFM states [lo]. This can be understood as a consequence of the increase 

of band width (W) ,  which leads to a strong enhancement of the itinerant character of the 

e, electrons. Within the ferromagnetic layers in the A-type AFM structure, one can ex- 

pect that the DE mechanism is in effect, and that it enhances the conductivity within FM 

layers. In addition, the crystal structure of the A-type system favors the ~ , Z - ~ Z  orbitals, 

giving rise to two-dimensional bands for the e, electrons. From these results, we propose 
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the two-dimensional anisotropy of the transport as well as the magnetic properties for the 

A-type AFM structure. By inelastic neutron measurements, we have succeeded to observe 

clear anisotropic spin wave dispersion relations. In the present paper, we will report our 

recent elastic and inelastic neutron scattering results on the A-type AFM magnetic systems 

of REI-,Sr,Mn03. 

2 Experimental procedures 

For the sample preparation, Pr2O3, Nd2O3, SrC03, CaC03, and Mn304 were used as start- 

ing materials. A prescribed amount of these powder were precalcined at 1200°C in air several 

times, and were pressed into rod shape. Single crystal samples were grown by the floating- 

zone technique in a 100% 0 2  atmosphere with a traveling speed of 3-5mm/h. For powder 

neutron diffraction measurements, we ground single crystal samples and calcined them into 

rod shape. The hole concentration in our samples was evaluated with standard procedures, 

such as electron-probe-micro-analysis (EPMA), ICP-MS and iodometric titration. The re- 

sults of these analyses showed that the actual hole concentrations agree with the nominal 

values within 1% accuracy. 

Elastic neutron diffraction measurements were performed with the triple axis spectrom- 

eter GPTAS (4G) and the powder diffractometer HERMES (Tl-3) installed in the JRR-3M 

research reactor at JAERI. The inelastic neutron scattering measurements were performed 

with two triple axis spectrometers, HB-1 installed in the High Flux Isotope Reactor, ORNL, 

and HER installed at the cold guide tube (Cl-1) in JRR-3M. The spectrometers were oper- 

ated in a constant kf mode. We selected the outgoing neutron momentum of either kj = 2.57 

or 1.55 A-' by the (002) pyrolytic graphite (PG) reflection. 

RE1-,Sr,Mn03 with x N 1/2 has either an orthorhombic Pnma or a monoclinic P21/n 

structure, consisting of alternating buckling of MnOs octahedra along the b axis. For the 

present study, a single crystal sample was aligned with a (hlh) scattering plane which is 

defined by the [ lo l l ,  and the [ O l O ]  axes. For the inelastic scattering measurements, the 

spin wave profiles were observed on Ndo.45Sro.55Mn03 at around the A-type AFM Bragg 

points, Q = (111) and Q = (010). The sample temperature was computer-controlled for 7 
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K < T < 350 K with an accuracy of 0.2 degree. 

3 Magnetic structure 

Figure 2 shows typical powder patterns observed in the AFM phase of the compounds under 

study. For the PrlpCa1pMnO3 (not shown) [4] and NdlpSrlpMn03 samples, a clear CE- 

type magnetic structure was observed. By contrast, the powder patterns for all the other 

samples are those of the A-type AFM structure. 

In addition, in the case of the CE-type AFM structure, we clearly observed super lattice 

reflections corresponding to a doubling of a unit cell due to a charge (orbital) ordering. We 

failed to detect any indications of the existence of a charge ordering in the A-type AFM 

structure. Note that the two different types of magnetic structures observed in the present 

study, clearly correspond to distinctly different behavior of the resistivity in the AFM phase. 

4 Why does the A-type AFM appear ? 

In the present systems with the fixed hole concentration n h  = 1/2, the tolerance factor is 

smallest for Prl/2Cal/2Mn03 and is increasingly larger for Nd1/2Sr1/2Mn03 and Prl/2Srl/zMn03. 

In other words, the change of a pairing ion widens the one-electron band width W ,  leading to 

the strong enhancement of the itinerant character of the e, electrons in the Pr1/2Sr1/2Mn03 

system. The present results lead us to suggest that, for the z = 1/2 system, a small W 

favors the simultaneous CE-type AFM and charge ordering, whereas a larger value of W 

progressively suppresses the charge-ordered state, and the A-type AFM state is eventu- 

ally stabilized. Moritomo et al. recently studied the effects of the band-width control on 

the magnetic behavior and on the resistivity in (Ndl-,La,)l/2Srl/2Mn03 [ll]. They found 

that there is an unusual AFM state at around z - 0.5 whose behavior of the resistivity is 

similar to those of the A-type AFM shown in Fig. 1. These results strongly support our 

interpretation described above. 



5 Crystal structure and orbital ordering 

For the manganite systems near x - 1/2, the crystal structure also plays an important role 

in determining their transport and magnetic properties. To elucidate the characteristics of 

the crystal structures, we performed a standard Ftietveld analysis [IO, 121 on the powder 

diffraction data. We found that, in the case of Ndl-,Sr,Mn03, there are two orthorhombic 

structures near x N 1/2: one is the well-known orthorhombic 0’ structure with the lattice 

constants b/& < a < c [13], while the other is an Ot  structure with a < c < b / d .  

Although both structures belong to the Pnma symmetry, their physical properties are clearly 

different, and the transformation between these two is through a first order phase transition. 

While both the A-type and the CE-type AFM phases in Ndl-,Sr,Mn03 exhibit the 0’ 

structure, there is a remarkable difference in their Mn-0-Mn bond angles. As illustrated in 

Fig. 4, in the case of the A-type AFM structure, the bond angles between the FM layers are 

substantially smaller than those within the FM layers, as is the case for the Lal-,Sr,MnO3 

system [14]. A similar trend was also found in Prl/$5rl/zMn03 [lo]. As depicted in Figs. 2 

and 3, the monoclinic structure of P21/n appears below TN. We find that the monoclinic 

distortion causes the change of the propagation vector of the A-type AFM structure, 7, from 

the [0,1,0] direction in the Pnma structure to the [1/2, 0, 1/21 direction, and that it also 

causes the rotation of the largest Mn-0-Mn bond angle and the rotation of the moments 

from the ac plane to the b axis direction in such a way that the spins lie within the FM 

layers. In addition, in both A-type AFM cases, the propagation vector r of the A-type AFM 

ordering chooses the direction of the smaller Mn-0-Mn bond angle. 

Furthermore, when the lattice constants of Ndl-,Sr,Mn03 with x - 1/2 satisfy the well 

known relation, b / f i  < a < c, for the 0’ structure [lo], the Mn-0 distance between the FM 

layers is the shortest, and one expects that the e, orbitals lie within the FM layers. Therefore, 

the orbitals of the d 3 , ~ - r ~ -  or d ,~-~2-  type will be favored. For the d3,2+2-type orbitals, 

however, the manganites with x N 1/2 exhibit the CE-type charge ordering. Consequently, 

we conclude that the A-type AFM structure must have the d,2-yZ-type orbital ordering. 
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6 Expectation of a two-dimensional metallic state for 
the A-type AFM phase 

From the A-type AFM structure, we expect that the DE mechanism is activated and that 

it gives rise to metallic conductivity within FM layers through the gain of kinetic energy 

for the e, electrons. Note that Ndo.40Sro.soMn03 clearly exhibits metallic behavior in the 

resistivity data shown in Fig.1. 

We also expect that the anisotropy of bond angles in the A-type AFM phase for 2 N 1/2 

with the 0’ crystal structure may cause anisotropy along the two directions being parallel 

and perpendicular to the FM layers. Especially, the matrix elements for electron transfer 

between the dZ2.+-type orbitals along the perpendicular direction to the FM layers is zero, 

and it should result in the two-dimensional electron bands for the e, electrons. 

As a consequence, all these features in the A-type AFM suggest the anisotropy of the 

transport as well as magnetic properties. To examine this possibility, we have measured the 

spin wave dispersion relation in the A-type AFM. 

7 Anisotropy in the spin wave excitations 

The spin wave excitations in the A-type AFM state were observed on Ndo.45Sro.55Mn03 at 

N 12 K, and the dispersion relations along the directions parallel and perpendicular to the 

FM layers were determined as shown in Fig. 5, where qa and q b  denote the reduced wave 

vectors measured along the [loll and the [ O l O ]  directions, respectively. One can easily see 

that the spin waves propagating within the FM planes have greater spin wave energy. 

To parameterize the spin wave dispersion relation, we adopted the same Hamiltonian 

and spin wave dispersion relation which were employed for the analysis of LaMn03 [15, 161. 

For LaMn03, the fit yielded 8 J S  = 13.36 f 0.18 meV, 4J’S = -4.84 f 0.22 meV, and 

g p B H A  = 0.61 f 0.11 meV, while for Ndo.45Sro.55Mn03, we obtained 8 J S  = 32.6 f 0.9 

meV, 4J’S = -10.1 f. 0.5 meV, and g p B H A  = 0.2 k 0.1 meV [17]. These results indicate 

that the anisotropy of the spin wave dispersion relation in Nd0.45Sr0.55Mn03 is about of the 

same order as in LaMn03, although the exchange parameters in the present compound are 
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approximately twice as large. This two-dimensional-like character reflects the anisotropies in 

the A-type magnetic structure and the 0' lattice structure that we proposed in our previous 

study [lo]. 

8 Conclusion 

In conclusion, we have studied the distorted perovskite manganite systems, Prl-,Ca,Mn03, 

Nd1-,Sr,MnO3 and Prl-,Sr,MnO3 with x N 1/2. While Pr1-,CazMn03 and Ndl/2SrlpMn03 

exhibit the CE-type AFM ordering, Pr1pSr1pMn03 and Ndl-,Sr,Mn03 with x N 1/2 show 

the layered A-type AFM ordering. The CE-type AFM state exhibits a clear charge-ordered 

state, while the A-type AFM state has no clear sign of superlattice peaks of charge ordering, 

reflecting its metallic behavior of resistivity as shown in Fig. 1. From the viewpoint of the 

crystal structure, one can expect the e, electrons are in dzz-yz orbitals. From these results, 

we proposed a two-dimensional character for the magnetic and transport properties in the 

A-type AFM state, and indeed we have observed a clear two-dimensional anisotropy of spin 

wave dispersion relations in Nd0.45S~0.5~MnO~. We note that clear anisotropy of transport 

properties were also observed very recently by Kuwahara[l8]. All these behaviors are con- 

sistent with the salient features which are discernible in lattice, orbital, and spin structures 

in the A-type AFM state with x N 1/2. 
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Figures 

Fig. LTemperature dependence of the resistivity of RE1-,A,Mn03 (RE=Pr7 Nd, A=Sr, 

Ca) with x N 1/2. The arrows denote transition temperatures. 

Fig. 2. Portion of the neutron powder profiles in the low temperature phase of four 

samples. The shaded area indicates magnetic contributions. 

Fig. 3. The A-type layered AFM structure and its propagation vector T for the or- 

thorhombic Ndo.45Sro.ssMn03 and the monoclinic Pr1/2Sr1/2Mn03. 

Fig. 4. Crystal structure of Nd0.45Sr0.55Mn03 in its A-type AFM phase. 

Fig. 5 .  Spin wave dispersion relations in the A-type antiferromagnet Ndo.45Sro.55Mn03. 
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