PHYSICAL REVIEW B VOLUME 57, NUMBER 17 1 MAY 1998-I|

Effect of lanthanide ions on the magnetotransport properties in layered SygR; ,Mn,0,
(R=La, Pr, Nd, Gd)
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The magnetoresistancé@8lR’s) and magnetic properties of layered manganese oxidggRSmMn,0; (R
=La, Pr, Nd, Gd;R-327), have been investigated. The La-, Pr-, and Nd-substituted compounds show metal
insulator transitions below 150 K, whereas isostructural Gd-327 compound is semiconducting and paramag-
netic. For La-327, the transition temperature corresponds well to the onset of ferromagnetic ordering and the
MR ratio is fairly large compared with perovskite-typdnO; oxides. The Pr and Nd analogs show negative
MR'’s, but both compounds display other anomalous transitions to semiconductors below 50 K. Neither ma-
terial shows a transition to a ferromagnetic state below 350 K. The observation of colossal magnetoresistance
in the absence of bulk ferromagnetism suggests that the double-exchange interaction alone is not sufficient to
explain the resistivity oR-327 nearT.. [S0163-1828)04217-9

INTRODUCTION found in AMnOs-type oxides, this doping ratio foR-327
seems to be optimal to exhibit the CMR characteristias
Recent interests in ternary manganese oxides with a peimportant finding in this work is that the CMR properties of
ovskite structure are largely due to the colossal magnetorehe layeredR-327 compounds are largely affected by the
sistancg CMR) found in these materiafsSeveral studies on nature of lanthanide ions. In this paper we report magnetic
doped La_,M,MnO; (M=Ca, Sr, Ba materials revealed and magnetotransport propertiesR{327.
that the mixed-valence state of Mn iofiIn®* and Mrf)
was responsible for the occurrence of CMR transitiomis EXPERIMENTS
behavior has been understood by the double-exchange model
in which carrier hopping between Mi(t3,e;) and

3 . . . .
Mn4+(t2_9) depends on the relative alignment Of_ lonic chal and corresponding lanthanide oxides that were completely
magnetic moment%Rec.er?t.reports on the complicated field yrjeq prior to use. The samples were reacted at about 1400—
dependence of the resistivity AMnOg-type oxides and the 1500 °C in air with several intermediate grindings until pure
absence of a mixed-valence state inMih,O, with a pyro-  phases were formed. Phase purity was confirmed by using a
chlore structure, however, suggest that additional theories aRigaku RAD x-ray-powder diffractometer equipped with
required to understand the basic mechanism of CMR  Cy-K« radiation. Rietveld refinement was performed with
order to resolve this discrepancy, other models such as pghe rRiETAN program. The magnetic susceptibility was mea-
laron effects that are accompanied by strong electron-phonogyred by a superconducting quantum interference device
interactions have been reported. magnetometefQuantum Desigh The measurements were
Many works on CMR materials thus far have been fo-taken in both zero-field-coole@FC) and field-cooled FC)

cused onAMnOs-type perovskite oxides that have simple conditions under applied fields of 5000 G. Magnetoresis-

three-dimensional structures. The tolerance factor, namelfance was measured in an applied field of aftT using a
lattice effects, has been known to be a crucial element iRtandard four-probe method.

determining magnetotransport propertiesAMnO; oxides’

In view of the sensitivity of MR properties to the structure,
our present study on SR, Mn,O; (R=La, Pr, Nd, Gd;
denoted asR-327) might provide another idea to elucidate  To obtain single phases &-327, reaction temperatures
fundamental understanding of the CMR property because ivere very carefully controlled due to the facile conversion to
has a two-dimensionally layered structure. The structure obther perovskite-related (&),MnO, and (SrR)MnO;
R-327 is considered as the=2 member of the Ruddlesden- compounds. Every sintering step of the reactions was thus
Popper seried\,;1B,03,.1 in which two perovskite blocks monitored by x-ray-powder diffraction. Although all the re-
composed by two-dimensional layers®0Og corner-sharing actions were performed in air, starting lanthanide oxides
octahedra are separated by rockgs® layers. In order to were dried completely and weighed in the dry box because
investigate the effect of lanthanide ions, we fixed the formalhe content of lanthanide is important in determining the oxi-
oxidation state of Mn ions as MA". In view of the results dation state of Mn ions. Optimal sintering temperatures are

Polycrystalline samples of §§R; ,Mn,0O; (R-327) were
prepared from stoichiometric mixtures of Srg;CMn,0s,

RESULTS AND DISCUSSION
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TABLE |. Lattice parameters and sintering temperatures of
Sr1.6R1A4Mn207 (R: La, Pr, Nd, Gd

Compound aA) cA) Temperaturd°C)
La-327 3.86865) 20.2384) 1500
Pr-327 3.8556) 20.19713) 1400
Nd-327 3.84955) 20.2144) 1500
Gd-327 3.816M) 20.0596) 1400

illustrated in Table I. Figure 1 displays powder x-ray-
diffraction patterns foR-327. All the peaks are well indexed
by the space group di4/mmm The calculated lattice pa-
rameters ofR-327 are also shown in Table I, which corre-
spond well to the expected values for the typiBaMn,0O,
structure’ As anticipated from contractions byf Zlectrons

in lanthanide ions, lattice parameters are slightly reduced

with increasing the atomic number.

The top panel of Fig. 2 displays the temperature depen-

dence of magnetic susceptibilities for;gra; ,Mn,0O; (La-

327) collected at a field of 5000 G, where the ferromagnetic
ordering occurs at about 105 K. The saturation magnetic mo-

ment at 10 K is about 3.28; per Mn site, which is close to
the expected moment value (&g) of a Mr*3" ion. A
metal-insulator(M1) transition occurred near the onset of
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FIG. 2. Top panel displays temperature dependence of magnetic

ferromagnetism. Under magnetic fields, the re_tsistivities Okusceptibility for Sygla, Mn,O,. Temperature dependence of the
La-327 are enormously decreased as shown in the bottoRasistivity in Sg dLa, ;Mn,0; for different values of the magnetic

panel of Fig. 2. The MR ratio defined agpy—pn)/pn is
about 1000% at 105 K and 6 T, which is roughly two orders
of magnitude higher than that of the three-dimensiona
La; _,Sr,MnO5.1° This remarkable MR effect in polycrystal-

field is shown in bottom panel.

bf spin-polarized electrons, which was introduced by Kimura
et al. to explain magnetoresistance data in a single crystal of

line La-327 might be associated with the interplane tunnelindSr, - 4 La; 4 ,xMn,05 (x=0.3).1! They claimed that field-
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FIG. 1. X-ray powder-diffraction patterns of SR, ,Mn,O7: (&)
La-327,(b) Pr-327,(c) Nd-327,(d) Gd-327.

induced coherent motion of electron spins between planes
mostly contributed to the large MR effect. Our MR data of
polycrystalline samples render similar results as observed in
their c-axis-oriented single crystal, suggesting that granular
properties directly reflect intrinsic bulk properties.

In contrast to the magnetic data of a La-327 compound,
magnetization measurements on &m; ,Mn,0; (Pr-327 do
not show any sign of complete ferromagnetic order down to
5 K as illustrated in the top panel of Fig. 3. Saturation mag-
netization is equal to about Ju@ per Mn site at about 30 K,
which is quite small compared with an expected value. In the
absence of bulk ferromagnetism, however, this compound
undergoes a Ml transition at 95 K and displays CMR behav-
ior as shown in the bottom panel of Fig. 3. The observation
of CMR in Pr-327 is thus not readily explained by the
double-exchange model and distinguishes this compound
from La-327 where @M transition is accompanied by the
appearance of ferromagnetic order. The ZFC and FC magne-
tizations increase monotonously with decreasing temperature
below 320 K and then split below about 40 K. The diver-
gence of magnetization in the low-temperature region im-
plies the presence of a honhomogeneous state in which fer-
romagnetic clusters and disordered state co-exist. A similar
result on a perovskitéLa,Th),;sCa;;sMnO; oxide was re-
ported by De Teresat al. where the compound has two
regions with different magnetotransport propertiedn in-
teresting observation in the(H) vs T curve for Pr-327 is
that the anomalous transition to the insulating state also oc-
curred at about 40 K. The increase of resistivity below 40 K
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FIG. 3. The field-cooled and zero-field-cooled magnetization FIG. 5. The field-cooled and zero-field-cooled magnetization of
(top panel measured at an applied field of 0.5 T and temperatureSr, ¢Nd; ;Mn,O; measured in a field of 0.5 T as a function of tem-
dependence of the resistivity for different values of the magnetigerature is shown in the top panel. The bottom panel displays tem-
field in Sp_¢Pr, Mn,0; (bottom panel perature variance of the resistivity for different values of magnetic

field.

seems to be associated with the magnetically frustrated spins
in the low-temperature region. THd(H) curve at 10 K is lar magnetic behaviors and MR characteristics as observed in
shown in Fig. 4, which would support this explanation. ThePr-327. The top panel of Fig. 5 displays the temperature
hysteresis effect is apparent in this temperature region andependence of magnetization for Nd-327, indicating that the
the hysteresis loop suggests a tendency of superparamagagnetic frustration exists below 30 K. The calculated mag-
netism or the development of ferromagnetic clusters as obnetic moment at low temperature is about a moment of
served in Sy_,Nd;.Mn,0; (x=0.0,0.1) by Battleetal’®  0.27ug per Mn site, which is much smaller than what would
The MR ratio of Pr-327 is about 134% at 95 K and 6 T, be expected from the fully saturated moment of an Mn ion.
which is smaller than that of La-327. This reduced MR ratioOne plausible explanation of the reduction of magnetization
appears to be related to the magnetic interaction between & a gradual canting of the moments due to lattice distortion
and Mn ions. caused by small size of a Ridion. As shown in the bottom
The Nd analog, SrgNd; aMn,0; (Nd-327), provides simi-  panel of Fig. 5, theM| transition occurs at 55 K, but this
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FIG. 4. Magnetization of SiPr; /Mn,0; at 10 K as a function of magnetic field.
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TABLE II. Radii and magnetic moments of selected lanthanide LN BLELEL AL BLALALAL A B B A A

ions (R®").
08 5 E
Property La Pr Nd Gd _ LS
Q) L% i
Radius(A)? 1356 1.319 1303 1.247 e 06r%
Magnetic moment,(LB)b 0.00 3.58 3.62 7.94 g
S 04} .
aShannon'’s radii of the nine-coordinat&i™ ions (Ref. 15. é S
bCalculated fromg[J(J+1)]¥2 02 | .
0.0 LANRANLERLI AL ANLRL I IR L B DELANL R AL DL AL L

metallic state suddenly changes to the insulating state at 30
K that corresponds to the onset of the magnetic frustration. ~ 800%
This complex behavior of the temperature-dependent resis- i
tivity might also be related to a nonhomogeneous state in the
low-temperature region. A metallic transition at 55 K might
be associated with the ferromagnetic clusters and another
transition to the insulating state below 30 K is ascribed to the
magnetically frustrated spin-glass state. Neutron-diffraction L
studies on Nd-327 revealed no indication of long-range mag- ol S—— "
netic ordering down to 12 K while La-327 showed ferromag- PRI BRI B PR BRI S
netic peaks below 100 K, supporting a spin-glass state in 0 % 100 1% 200 250 300
Nd-327% These results are in agreement with our magnetic Temperature (K)

data. An interesting O‘Htcome In th_E(H) YS T curve for FIG. 6. Temperature dependence of magnetic susceptibility at a
Nd-327 is that the maximum MR ratid & T is about 780%, field of 0.5 T(top panel and temperature variance of the resistivity
which is close to that of La-327. This also suggests thator different values of magnetic field for S§iGd, ;Mn,0; (bottom
ferromagnetism is not a prerequisite to lowering the resistivpane).
ity nearT. in CMR manganese oxides.
In order to assess the effect of the lanthanide ions in
R-327 further, we made $£Gd; ,Mn,0O; (Gd-327 by sub-
stitution of the St* ion site with the G&' ion. As antici-
ated from a lal i ioni i o
07 G fon that e Hiustated in Tabie T & nw Ga-327  C8l Site n the MnQ octahedra so that the Mn-O-#n bond
compound provides a remarkable contrast with oR&27 angle is close to 180°. This WI|| reduce the lattice distortion
(R=La, Pr, Ng analogs where resistivity maxima are all of the MnG octahedra. As in the case of Igyeré&i327
observed in the absence of magnetic fields and negative MROMPOUNdS, the overlaps between the Mhdbital and the
effects are also found near tiél transition temperatures. © 2P orbital are also expected to be a crucial element in
The temperature-dependent resistivity of Gd-327 shown irexhibiting electronic conduction. This orbital interaction is
the bottom of Fig. 6, however, is typical of a semiconductor.0bviously very sensitive to bond lengths and angles of Mn-
The magnetic susceptibility of Gd-327 shown in the top©O-Mn that result from the variations of the size of lanthanide
panel of Fig. 6 displays a paramagnetic behavior, which folions. Substitution of smaller ions like &dinduces tilting or
lows a Curie-Weiss law with a calculated magnetic momentotation of the MnQ@ octahedra due to the size mismatch,
of 13.07uz. The magnetic data reveal no evidence of anyresulting in the deviation from the ideal bond angle and
ferromagnetic order over a wide temperature range. Théength. The lattice distortions could thus lead to the loss of
paramagnetic insulating state of Gd-327 is primarily due tametallic conductivity. Another factor that causes the absence
large structural distortion on the basis of the Rietveld profileof a metallic transition in Gd-327 might be the large mag-
analyses oR-3271* One axial Mn-O bond close to the rock- netic moment in the G ion. In Gd-327, the magnetic mo-
salt site is elongated and the other axial bond exhibits nanent of the Gd" ion is large enough to interfere with the
appreciable change, while the equatorial Mn-O bonds arerdering of the ferromagnetic spins on the Mn ions, which
shortened, indicating a Jahn-Teller distortfén. makes the spin states disordered and in turn leads to the
The data described for the four isostructuRaB27 com-  paramagnetic insulator.
pounds above suggest that their physical properties are quite In summary, we have found that the magnetotransport
sensitive to the nature of lanthanide ions. It is thus interestingroperties in the layered SR, ,Mn,0; (R=La, Pr, Nd, Gd;
to see how CMR’s inR-327 are affected by the sizes and R-327) change drastically with the nature Bf* ions. Both
magnetic moments of lanthanide ions. ThH transitions sizes and magnetic moments of lanthanide ions are important
were observed only for the compounds having large cationsp displaying CMR inR-327. It is difficult to quantitatively
such as L&, PP", and Nd*. This is somewhat coinciden- analyze which factor dominates for CMR R-327 at this
tal with the phase diagram ®,-M, ;MnO; where the per- stage. Our preliminary studies of ;gt \M,La; ,Mn,O; (M
ovskite compounds exist as ferromagnetic metallic states by-Ba and Ca suggest that the lattice size, especially the
increasing the ionic radius of lanthanide ions and displaytength of thec axis, is crucial in showing th&11 transition
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insulating states when tolerance factors are fofhe large
lanthanide ions are large enough to fully occupy the intersti-
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and CMR?’ The observation of CMR in the absence of fer- ACKNOWLEDGMENTS
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