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Electronic and magnetic properties of the perovskitelike compounds of (Dg,)q/CaMnO; (0=<x
=<0.5) have been studied by measuring electrical resistivity, magnetic susceptibility, magnetization, and mag-
netoresistance. All the compounds except0.5 show a ferromagnetic metal-paramagnetic insulator transition
at T¢c. T of the present compounds depend on the tolerance faaod whent is larger than 0.913 the
relations betweeil - andt are almost the same as those observed in the perovskitelike compounds previously
examined, which contain rare-earth metal ions, such3s YPP", and T5*. Whent is smaller than 0.907,
a spin glass insulator appears at low temperature. This insulator is different from the ferromagnetic insulator
that appears in the compounds containing light rare-earth metal ions, sucfi"asnBlfor ¥*, but the same
as that appears in the compound containing heavy rare-earth ions of finas been found that, wherakes
a value between 0.907 and 0.913, the reentrant spin-glass state appears. Colossal magnetoresistance and
tunneling magnetoresistance are clearly observed in the compd@@i63-18208)00545-1

I. INTRODUCTION holds for the other compounds, especially those containing
heavy rare-earth ions. However, few studies have been done
Perovskite manganites with 20-40% of trivalent rare-on this problem so fat!*!°In the present study, therefore,
earth ions ofR®* replaced by divalent alkaline-earth metal by replacing La* with heavy rare-earth ions of By, we
ions of A", R;_,A,MnO;, have been studied for many have investigated electronic and magnetic states of
years and are found to show interesting phenomena, such ésa; ,R,)o/Ca MnOz by measuring electrical resistivity,
metal-insulator transition and colossal magnetoresistanceagnetic susceptibility, magnetization, and magnetoresis-
(CMR).}2° These phenomena have been mainly explainedance in order to solve the above problem.
by double-exchange interaction, magnetic interaction be-
tween M?* and Mrf* that is caused by the hopping ef
electrons between the two partially filleldshells with strong Il. EXPERIMENT
on-site Hund’s coupling!~*3
Recently Hwang etall have investigated
(La; _4Ry) o Ca saMNO4 systematically by replacing some of
La®>* with PP" and/or ¥' and fixing the ratio of

3+ 4+ .
Mn™"/Mn _at .7/3' They found thaflc and conductl\fty plicity and in the present case the increase torresponds
decrease with increasing the content of Pand/or Y. to the decrease it Stoichiometric compounds of L@s,

Considering these results, they concluded that the electronigyzo3 CaCQ, and MnO, were mixed for the compositions

and magnetic states of (LaR,)oCa MnO; depend on  entioned above and calcined in air by holding the speci-
the tolerance factorand established a phase diagrafigt  mens at 1273 K for 12 h. Sintering was carried out in air by
relation. Incidentally the tolerance factor, a geometrical in- holding the specimens at 1623 K for 48 h after intermediate
dex, is defined at=(r o+ o)/ \2(rya+ro), Wherer o is the  grinding. Powder x-ray-diffraction measurement was made
average ionic radius @®** and C&", ris the ionic radius  for all the compounds using Rigaku RINT2500. Resistiyity
of 0?7, andry, is the average ionic radius of Mh and was measured by the standard four-probe method for the
Mn**. This factor represents the microscopic distortion fromspecimens of 10 mrx 1.5 mmx 1 mm. In the measure-
the ideal cubic perovskite structure<(1). With decreasing ment, current and voltage leads were connected to the speci-
t, Mn-O-Mn bond angles, which are microscopically relatedmen with silver paste. Magnetization was measured by ap-
to transfer integrab describing electron hopping between plying static magnetic fields up to 1.8 T and also by applying
Mn®" and Mrf", decrease. pulsed high magnetic fields up to 53 T. Magnetoresistance
The above phase diagrais only derived from the results was measured by using the same specimens as those used for
of the compounds containing light rare-earth metal ionsthe electrical resistivity measurement in zero field. In the
Thus it is not certain whether or not the above phase diagramagnetoresistance measurement, magnetic fields generated

Polycrystalline specimens of (ka,Dy,)q7C& aMnO;
(0=x=0.5) were prepared by conventional solid-state reac-
tion processing in air. In this paper, we describe the com-
pounds using together with the tolerance factbifor sim-
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FIG. 1. X-ray-diffraction pattern at room temperature for % - (=0.907)
(Lay—xDyy)o/Ca MnO; (x=0.5). 10F ]
by superconducting magnet were applied aBtT parallel 0 ? \ |
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We made powder x-ray-diffraction measurements for all FIG. 3. Temperature dependence ofM/H  for
the c_ompounds at room temperature. We found that all th%‘l_ 1 «DY,)0.CaMNO; (0<x<0.5) obtained by ZFC(solid
specimens are a single phase of the expected compound aj; ) and FC(dotted ling runs at 0.01 T.
the structure changes from pseudocubic to orthorhontbic (
>c/\2=a, O-typa structures as Dy content, i.ex, in- peratures indicated with double arrows. Such increase has
creases. A typical diffraction pattern far=0.5 (t=0.916) not been observed in the compounds containing light rare-
is shown in Fig. 1, where all the reflections can be indexedkarth metal ions only.
by the orthorhombic O-type structure. In order to obtain more information on this behavior and
Then, we measured the electrical resistiyityas a func- magnetic states of the compounds, we made measurements
tion of temperaturegheating and coolingfor all the com- on the magnetizatiofM) for all the compounds under the
pounds and the results are shown in Fig. 2. The figure showtsvo conditions; one is the zero-field-coolédFC) run and
that all the compounds except0.5 (t=0.916) do a metal- the other is field-cooledFC) run atH=0.01T. Then, we
insulator transition. The transition temperaturg, is ob-  plottedM/H against temperature, which is shown in Fig. 3,
tained as the temperature whetéogp/dT is maximum(in-  where solid and dotted curves represent the results of ZFC
dicated with an arrow on each heating cyrvevhich is  and FC runs, respectivel¥ is determined as a temperature
phenomenologically derived and shown to be almost identiwhered(M/H)/dT is minimum (indicated with an arrow on
cal with Curie temperatur@. by Hwanget al® A charac- each curvg This temperature corresponds to Curie tempera-
teristic feature is thal,,, decreases with increasing(de- ture obtained by conventional Arrott plot and also corre-
creasing the tolerance factbmentioned aboveand goes to  sponds tol, . It should be noted in the figure that the tem-
below 1.5 K forx=0.5 (t=0.898). This is the same as the perature dependence Bf/H obtained by a ZFC run is quite
behavior of those compounds that contain light rare-eartllifferent from that obtained by a FC run at temperatures
metal ions, such as Pt and/or ¥+ .3 Another characteristic lower thanT for all the compounds. Such difference in the
feature is that the resistivities of=0.143, 0.243, and compound ofx=0 (t=0.916) is due to the magnetic do-
0.286 ¢=0.911, 0.908, and 0.9Q7ncrease again at tem- main rotation that will be described later. On the other hand,
the difference for the other compounds is believed to be due
T y T T T y to a spin glass state which appears for low temperatures.

10°f %=0.5 1 Similar temperature dependences MfH due to the spin
10° (t=0.898) ] glass state have been observed also for other compounds,
s cooling such as (La-ThCa&;MnO; and Fe-Au(Refs. 9 and 16
T 10 X=0.286 - heating. 1 (neutron diffraction and ac susceptibility were done to con-
g 10°F (t=0.907) 1 firm the spin-glass state According to the previous
ST X=0.243 ] studies)'® the glass transition temperatufg is determined
2 ., {t=0.908) as a temperature whehM/H-T curve of the ZFC run yields
> 0%} 1 . -
2 xe0.143 a cusp in cases thdl; and Ty are close each other or iden-
@ 10 (t=0:911) 1 tical. This situation holds for the present compoundsxof
o 10° 1 =0.243, 0.286, and 0.5t€0.908, 0.907, and 0.89&nd,

therefore, Ty is obtained as the temperature of the observed

10“_/(/\ 1 P9 . .
| " cusp, which is shown in eadit/H-T curve with the double
10% =0.071(t=0.914) i
x=0(t=0.916) arrow. On the other hand, for the compound &f
¢ 50 100 150 200 250 300 350 =0.143 ¢=0.911), theM/H-T curve under a ZFC run has
Temperature (K) two cuspgone is located at about 90 K, the other is located
about 20 K(indicated with the double arraw being quite
FIG. 2. Temperature dependence of resistivity for Similar to that of a compound that becomes a typical reen-

(La;_,Dy,) 0 Ca MnO; (0=<x=<0.5). trant spin glass at low temperatufeln this case,Tq is de-
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FIG. 4. Magnetization curves of (La,Dy,)q7Ca MnO; (0 o
<x=0.5) obtained for magnetic fields of up to 1.8 T at 4.2 K. The _ OFllfé)S(.)blt\Aa?r?;;;Z?:rI](;gr?:tri\c/iiselgfs (Oﬁsi/é)sogc_:ragﬂ? 2?] d(z 2K
inset shows the enlargement of magnetization curve of B
(L2y-xDYx)o. L MNO; (x=0). mental one. The magnetization curves for the compounds of

x=0.243, 0.286, and 0.5t€0.908, 0.907, and 0.89&re

termined as a temperature where the second cusp appegfisite different from that of the compound for=0 (t
(indicated with a double arrow in the present studg this  =0.916); that is, they show a large hysteresis and their mag-
way, we found that the present compounds %6¢0.143, netizations at 1.8 T are quite low. These features may be
0.243, and 0.286t(0.911, 0.908, and 0.90become the mainly related to the fact that the compoundof 0.243,
reentrant spin glass. It should be noted fiigis for the com-  0.286, and 0.5t=0.908, 0.907, and 0.89&xhibits a spin
pounds of x=0.143, 0.243, and 0.286t=€0.911, 0.908, g|a55 state, as mentioned before.
and 0.907 correspond to the temperatures where the resis- We have measured the magnetoresistahtiR) by apply-
tivity increases agaifindicated with a double arrow in Fig. ing magnetic fields upot 8 T at 77 and 4.2 K for all the
2). This suggests that the cause of the increase in electricgabmpounds. MR normalized by zero-field valygp, is
resistivity belowT is collapse of the ferromagnetic ordering shown in Figs. 6a) (77 K) and &b) (4.2 K). As known from
to reduce the mean free path ef electrons. The relation Fig. 6(a), colossal magnetoresistan@MR) is observed for
betweenT . and tolerance factor will be discussed later. all the compounds. At 77 K, the maximum decrease of

For all the compounds, magnetization measurements hayg p, (~10°) is observed forx=0.243 ¢=0.908). This is
been made by applying magnetic fields up to 1.8 T. TypicabecauseT ¢ of the compound is closest to 77 K among the
results at 4.2 K are shown in Fig. 4. It is noted that thepresent compounds and therefore MR change by an applied
magnetization for the compound =0 (t=0.916) is satu- magnetic field is most significaft Similarly, in Fig. 6b),
rated at 1.8 T with the value of 3ug. This value isin good CMR is observed for all the compounds, but the curves of
agreement with theoretically calculated value oft&7 In-  x=0.243 and 0.286 t&0.908 and 0.907have a large hys-
cidentally, the enlargement of magnetization curvexof teresis. This is because these compounds become spin glass
=0 (t=0.916) around zero field is shown in the inset of at 4.2 K, as mentioned in Fig. 3.
this figure. As seen in the inset, there is a hysteresis in the A characteristic feature noted in Figgapand Gb) is that
magnetization curve. This suggests that irreversible domairMR decreases rapidly for the initial increment of magnetic
wall displacement occurs even with a magnetic field belowfield of less than 0.2 T for all the compounds. In order to see
0.01T. the rapid decrease in more detail, typical results %or

The magnetization of the compound of=0.143 ¢ =0, 0.071, and 0.143£0.916, 0.914, and 0.91%re en-
=0.911) is not saturated and is larger than that of the comtarged and shown in Figs(a, 7(b), and 7c), respectively,
pounds ofx=0 (t=0.916). In order to measure the satu- where the solid and dotted lines represent MR at 77 K and
rated moment in the compound »£0.143 ¢=0.911), we 4.2 K, respectively. As is found in the figures, the decrease in
applied pulsed high magnetic fields up to 53pulse dura- p/p, is about 20-30% at 0.2 T for every compound. The
tion of 8 mg to the compound at 4.2 and 77 K. The obtainedorder of decrease is comparable to that of GMR observed in
magnetization curves are shown in Fig. 5. As known frommultilayer and granular thin film¥. Moreover, such de-
the figure, the magnetization is not saturated even at 53 T fatrease at 4.2 K is larger than that at 77 K seen in Fi¢®. 7
both the temperatures. The magnetization for 53 T at 4.2 K isnd 7b). Hwanget al*® have found similar rapid decrease
obtained to be 445, but this value is larger than the value for La;;sSr,,sMnO; and they interpreted this rapid decrease
of 3.7ug [the measured value fox=0 (t=0.916), men- as tunneling magnetoresistand@MR);!° that is, spin-
tioned abové This difference is probably due to the exis- polarized tunneling between grains exists and dominates MR
tence of the magnetic moment of Dybesides that of Ml when CMR is relatively small. We believe that the rapid
and Mrf*. In fact, the value of magnetization including the decrease observed in the present compounds is also due to
moment of Dy (4.7ug) is almost the same as the experi- TMR.
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FIG. 6. Magnetoresistance curves of (LaDy,)o.1Cé.MnO; FIG. 7. Magnetoresistance against magnetic fields of
(0=x=0.5) obtained for magnetic fields of up 8 T at 77 K(a) (Lay Dy, 7Ca sMNnO; up to 8 T.(a) x=0. (b) x=0.071.(c) x
and 4.2 K(b). =0.143. Solid and dotted lines represent magnetoresistances at 77

and 4.2 K, respectively.
IV. DISCUSSION

Figure 8 showd ¢ and T of (La; - ,Dy,) L& MnO; as

a function of tolerance factar calculated using ionic radii 300 v T T T
reported by Shannof!.The figure also show$. and Ty of ® Tc>(|_a_Dy) Ca. Mn
(La-Th),5CasMNnO; obtained by Teresat al,’ and T of 250} A 779 T |
(La-PDOJCaO?F)MnO3 and (La-Y)yCaMnO; obtained by Z Tc>(La-Tb)0_,Ca0_3Mn03 o
Hwanget al. 1
In t%le figure, the electronic and magnetic states in the <2001 . ﬁtzt::s)r)"éia“'ﬁ,,'\c:ga g ]
present compounds are also shown by using notations de- ) G s
rived by Hwanget al® and Teresat al.;® that is, paramag- = 150} a .
netic insulator(PMI), ferromagnetic metalFMM), and spin 5
glass insulatofSGlI). %100 i PMI od o |
As known from the figure, whem is larger than 0.913, ) '%
the relation betwee andt of (La-Dy)yCa MnO; is = - Qe FMM
almost the same as those of (La)J§Ca;sMnOs;, SOf- =gty Eh M ]
(La-PngCa sMnO; and (La-Y)g L MnO;. This means Sal A
that the phase diagraniT ¢t relation) derived by Hwan 0 L L —
et al. holdps even forgthe priéesent compound contglining h?aavy 0900 0.905 0910 0815 0.920
rare-earth metal ions, i.e., By whent is larger than 0.913. Tolerance factor

Whent is smaller than O'_907’ a spin gla_lss insula_tor appears g, g. Electronic and magnetic phase diagrdigand T, as a
at low temperatures. This spin glass insulator is differenfynction oft. Solid circle and solid triangle denofe. and T, of

from a ferromagnetic insulator that appears in the comy 4.py),CaMnO;. Open square denotes Tc  of

pounds containing light rare-earth metal ions of ‘Pand/or (La-Ppy CaMnOs, (La-Y)o-CayMnO; obtained by Hwang
Y3*. A similar spin glass insulator has also been reported fogt al. Open circle and open triangle denofe. and T, of

the compound (La-Th,;Ca;sMN0O;. As was mentioned (La-Th),sCaysMnO; obtained by Teresat al.
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before, we found that the reentrant spin glass state appears 107 . .
for t values between 0.907 and 0.913.

The above difference in magnetic state at low tempera-
tures between (La xDyy) o Cay MnOg and
(La; _«Pr)oCa3MnO; indicates that the magnetic state
depends not only on the tolerance factdout also on the
difference in size amongA-site ions as suggested by
Rodriguez-Martinez and Attfieltf. Rodriguez-Martinez and
Attfield* and Damayet al*® have used the variané¢second
momenj of the A-site ions radii distributiors? to quantify
the effect of the difference in size amo#gsite ions. They
have definedr? aso?=3y;rZ—(r;)?, wherei is the differ-
ence of the three kinds &f-site ions,r; is the radius of each
A-site ion, y; is their fractional occupancies of theions
(2yij=1), and(r;) is the average radius oA-site ions.
When we have calculated?® for (La;_,Dy,)7Ca 3 MNnO; o
and (Lg_,Pr)oCaMnO;, we found that the T (K")

o? of (La;_«Pr)oCaMnO; is almost constant and

small (~5.0<10 énm?). However, the o2 of FIG. 9. logp vs 1Y plot for the specimens of
(La;Dy,)oCaMnO; increases with increasing (L3-xDYx)oC&aMnO; (0=x=<0.5).

Dy** content; that is from 5810°° nn? for x=0 22
to 3.0<10°° nn? for x=0.5. This difference in value
of o¢? Dbetween (La Dy, CasMnO; and '
(La; _«Pr) o Ca sMnO; clearly indicates that the difference

in size amongA-site ions plays an important role in deter- 5| 1 17714 for gl compounds when TH*is smaller than
mining magnetic state. The calculation also shows that th‘z?ibout 0.28, but it deviates from the linear relation when

Spin glass state appears whe is larger than about 1.5 714 o, ceeds 0.28. This indicates that the present tempera-
|X10 r|1mz. f\NZe Slpgflgagi 1f(r)c_)|;n t?n% above reSL(let Ehat 4ture dependence results not only from variable-range hop-
arge value ofo® (1.5~3. nnT) corresponds 10 @ hing of electrons but, in addition, from another origin that is

random distribution of the Mn-O-Mn bond angle and this o|5te4 to grain boundaries. The details of the mechanism
randomness suppresses the transfer energy between Mn af, 14 be made clear in the future.

oms leading the spin glass state. A more detailed mechanism
of the spin glass state has to be made clear in the future.

Next, we discuss the electrical resistivity abdvyefor the
present compounds. In that temperature range, electrical re- The present study was partly supported by the Grant-in-
sistivity for manganite compounds is known to be propor-Aid for Fundamental Scientific Research of the Ministry of
tional to 1TY4. This is explained by the variable-range hop- Education, Science, Sports and Culture, Japan. The support
ping mechanism suggested by M®ttin fact, Khazeniet s greatly appreciated.

Resistivity (Qcm)

0.30 0.35

confirmed its validity for Ngd ¢2Phy sMnO; single crys-
Therefore, we plotted lgg against 1T for tempera-
tures abovel ; for all the compounds as shown in Fig. 9. It
should be noted in the figure that the j@g nearly propor-
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