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Electronic and magnetic properties of the perovskitelike compounds of (La12xDyx)0.7Ca0.3MnO3 (0<x
<0.5) have been studied by measuring electrical resistivity, magnetic susceptibility, magnetization, and mag-
netoresistance. All the compounds exceptx50.5 show a ferromagnetic metal-paramagnetic insulator transition
at TC . TC of the present compounds depend on the tolerance factort and whent is larger than 0.913 the
relations betweenTC andt are almost the same as those observed in the perovskitelike compounds previously
examined, which contain rare-earth metal ions, such as Y31, Pr31, and Tb31. 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, such as Pr31 and/or Y31, but the same
as that appears in the compound containing heavy rare-earth ions of Tb31. It has been found that, whent takes
a value between 0.907 and 0.913, the reentrant spin-glass state appears. Colossal magnetoresistance and
tunneling magnetoresistance are clearly observed in the compounds.@S0163-1829~98!00545-1#
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I. INTRODUCTION

Perovskite manganites with 20–40 % of trivalent ra
earth ions ofR31 replaced by divalent alkaline-earth met
ions of A21, R12xAxMnO3, have been studied for man
years and are found to show interesting phenomena, suc
metal-insulator transition and colossal magnetoresista
~CMR!.1–10 These phenomena have been mainly explai
by double-exchange interaction, magnetic interaction
tween Mn31 and Mn41 that is caused by the hopping ofeg

electrons between the two partially filledd shells with strong
on-site Hund’s coupling.11–13

Recently Hwang et al.3 have investigated
(La12xRx)0.7Ca0.3MnO3 systematically by replacing some o
La31 with Pr31 and/or Y31 and fixing the ratio of
Mn31/Mn41 at 7/3. They found thatTC and conductivity
decrease with increasing the content of Pr31 and/or Y31.
Considering these results, they concluded that the electr
and magnetic states of (La12xRx)0.7Ca0.3MnO3 depend on
the tolerance factort and established a phase diagram (TC-t
relation!. Incidentally the tolerance factor, a geometrical
dex, is defined ast5(r A1r O)/A2(r Mn1r O), wherer A is the
average ionic radius ofR31 and Ca21, r O is the ionic radius
of O22, and r Mn is the average ionic radius of Mn31 and
Mn41. This factor represents the microscopic distortion fro
the ideal cubic perovskite structure (t51). With decreasing
t, Mn-O-Mn bond angles, which are microscopically relat
to transfer integralb describing electron hopping betwee
Mn31 and Mn41, decrease.

The above phase diagram3 is only derived from the results
of the compounds containing light rare-earth metal io
Thus it is not certain whether or not the above phase diag
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holds for the other compounds, especially those contain
heavy rare-earth ions. However, few studies have been d
on this problem so far.9,14,15 In the present study, therefore
by replacing La31 with heavy rare-earth ions of Dy31, we
have investigated electronic and magnetic states
(La12xRx)0.7Ca0.3MnO3 by measuring electrical resistivity
magnetic susceptibility, magnetization, and magnetore
tance in order to solve the above problem.

II. EXPERIMENT

Polycrystalline specimens of (La12xDyx)0.7Ca0.3MnO3
(0<x<0.5) were prepared by conventional solid-state re
tion processing in air. In this paper, we describe the co
pounds usingx together with the tolerance factort for sim-
plicity and in the present case the increase inx corresponds
to the decrease int. Stoichiometric compounds of La2O3,
Dy2O3, CaCO3, and Mn3O4 were mixed for the composition
mentioned above and calcined in air by holding the spe
mens at 1273 K for 12 h. Sintering was carried out in air
holding the specimens at 1623 K for 48 h after intermedi
grinding. Powder x-ray-diffraction measurement was ma
for all the compounds using Rigaku RINT2500. Resistivityr
was measured by the standard four-probe method for
specimens of 10 mm3 1.5 mm3 1 mm. In the measure
ment, current and voltage leads were connected to the sp
men with silver paste. Magnetization was measured by
plying static magnetic fields up to 1.8 T and also by applyi
pulsed high magnetic fields up to 53 T. Magnetoresista
was measured by using the same specimens as those us
the electrical resistivity measurement in zero field. In t
magnetoresistance measurement, magnetic fields gene
14 908 ©1998 The American Physical Society
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by superconducting magnet were applied up to 8 T parallel
to the constant current.

III. RESULTS

We made powder x-ray-diffraction measurements for
the compounds at room temperature. We found that all
specimens are a single phase of the expected compound
the structure changes from pseudocubic to orthorhombicb
.c/A2>a, O-type! structures as Dy content, i.e.,x, in-
creases. A typical diffraction pattern forx50.5 (t50.916)
is shown in Fig. 1, where all the reflections can be index
by the orthorhombic O-type structure.

Then, we measured the electrical resistivityr as a func-
tion of temperature~heating and cooling! for all the com-
pounds and the results are shown in Fig. 2. The figure sh
that all the compounds exceptx50.5 (t50.916) do a metal-
insulator transition. The transition temperatureTIM is ob-
tained as the temperature whered logr/dT is maximum~in-
dicated with an arrow on each heating curve!, which is
phenomenologically derived and shown to be almost ide
cal with Curie temperatureTC by Hwanget al.3 A charac-
teristic feature is thatTIM decreases with increasingx ~de-
creasing the tolerance factort mentioned above! and goes to
below 1.5 K forx50.5 (t50.898). This is the same as th
behavior of those compounds that contain light rare-ea
metal ions, such as Pr31 and/or Y31.3 Another characteristic
feature is that the resistivities ofx50.143, 0.243, and
0.286 (t50.911, 0.908, and 0.907! increase again at tem

FIG. 1. X-ray-diffraction pattern at room temperature f
(La12xDyx!0.7Ca0.3MnO3 (x50.5).

FIG. 2. Temperature dependence of resistivity
(La12xDyx)0.7Ca0.3MnO3 (0<x<0.5).
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peratures indicated with double arrows. Such increase
not been observed in the compounds containing light ra
earth metal ions only.3

In order to obtain more information on this behavior a
magnetic states of the compounds, we made measurem
on the magnetization~M! for all the compounds under th
two conditions; one is the zero-field-cooled~ZFC! run and
the other is field-cooled~FC! run at H50.01 T. Then, we
plottedM /H against temperature, which is shown in Fig.
where solid and dotted curves represent the results of Z
and FC runs, respectively.TC is determined as a temperatu
whered(M /H)/dT is minimum~indicated with an arrow on
each curve!. This temperature corresponds to Curie tempe
ture obtained by conventional Arrott plot and also cor
sponds toTIM . It should be noted in the figure that the tem
perature dependence ofM /H obtained by a ZFC run is quite
different from that obtained by a FC run at temperatu
lower thanTC for all the compounds. Such difference in th
compound ofx50 (t50.916) is due to the magnetic do
main rotation that will be described later. On the other ha
the difference for the other compounds is believed to be
to a spin glass state which appears for low temperatu
Similar temperature dependences ofM /H due to the spin
glass state have been observed also for other compou
such as (La-Tb!2/3Ca1/3MnO3 and Fe-Au~Refs. 9 and 16!
~neutron diffraction and ac susceptibility were done to co
firm the spin-glass state!. According to the previous
studies,9,16 the glass transition temperatureTg is determined
as a temperature whereM /H-T curve of the ZFC run yields
a cusp in cases thatTC andTg are close each other or iden
tical. This situation holds for the present compounds ox
50.243, 0.286, and 0.5 (t50.908, 0.907, and 0.898! and,
therefore,Tg is obtained as the temperature of the observ
cusp, which is shown in eachM /H-T curve with the double
arrow. On the other hand, for the compound ofx
50.143 (t50.911), theM /H-T curve under a ZFC run ha
two cusps@one is located at about 90 K, the other is locat
about 20 K~indicated with the double arrow!#, being quite
similar to that of a compound that becomes a typical re
trant spin glass at low temperature.16 In this case,Tg is de-

FIG. 3. Temperature dependence ofM /H for
(La12xDyx)0.7Ca0.3MnO3 (0<x<0.5) obtained by ZFC~solid
line! and FC~dotted line! runs at 0.01 T.
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termined as a temperature where the second cusp ap
~indicated with a double arrow in the present study!. In this
way, we found that the present compounds forx50.143,
0.243, and 0.286 (t50.911, 0.908, and 0.907! become the
reentrant spin glass. It should be noted thatTg’s for the com-
pounds of x50.143, 0.243, and 0.286 (t50.911, 0.908,
and 0.907! correspond to the temperatures where the re
tivity increases again~indicated with a double arrow in Fig
2!. This suggests that the cause of the increase in elect
resistivity belowTg is collapse of the ferromagnetic orderin
to reduce the mean free path ofeg electrons. The relation
betweenTC and tolerance factor will be discussed later.

For all the compounds, magnetization measurements h
been made by applying magnetic fields up to 1.8 T. Typi
results at 4.2 K are shown in Fig. 4. It is noted that t
magnetization for the compound ofx50 (t50.916) is satu-
rated at 1.8 T with the value of 3.7mB . This value is in good
agreement with theoretically calculated value of 3.7mB . In-
cidentally, the enlargement of magnetization curve ofx
50 (t50.916) around zero field is shown in the inset
this figure. As seen in the inset, there is a hysteresis in
magnetization curve. This suggests that irreversible dom
wall displacement occurs even with a magnetic field bel
0.01 T.

The magnetization of the compound ofx50.143 (t
50.911) is not saturated and is larger than that of the co
pounds ofx50 (t50.916). In order to measure the sat
rated moment in the compound ofx50.143 (t50.911), we
applied pulsed high magnetic fields up to 53 T~pulse dura-
tion of 8 ms! to the compound at 4.2 and 77 K. The obtain
magnetization curves are shown in Fig. 5. As known fro
the figure, the magnetization is not saturated even at 53 T
both the temperatures. The magnetization for 53 T at 4.2
obtained to be 4.4mB , but this value is larger than the valu
of 3.7mB @the measured value forx50 (t50.916), men-
tioned above#. This difference is probably due to the exi
tence of the magnetic moment of Dy31 besides that of Mn31

and Mn41. In fact, the value of magnetization including th
moment of Dy31 (4.7mB) is almost the same as the expe

FIG. 4. Magnetization curves of (La12xDyx)0.7Ca0.3MnO3 (0
<x<0.5) obtained for magnetic fields of up to 1.8 T at 4.2 K. T
inset shows the enlargement of magnetization curve
(La12xDyx)0.7Ca0.3MnO3 (x50).
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mental one. The magnetization curves for the compound
x50.243, 0.286, and 0.5 (t50.908, 0.907, and 0.898! are
quite different from that of the compound forx50 (t
50.916); that is, they show a large hysteresis and their m
netizations at 1.8 T are quite low. These features may
mainly related to the fact that the compound ofx50.243,
0.286, and 0.5 (t50.908, 0.907, and 0.898! exhibits a spin
glass state, as mentioned before.

We have measured the magnetoresistance~MR! by apply-
ing magnetic fields up to 8 T at 77 and 4.2 K for all the
compounds. MR normalized by zero-field valuer/r0 is
shown in Figs. 6~a! ~77 K! and 6~b! ~4.2 K!. As known from
Fig. 6~a!, colossal magnetoresistance~CMR! is observed for
all the compounds. At 77 K, the maximum decrease
r/r0 (;103) is observed forx50.243 (t50.908). This is
becauseTC of the compound is closest to 77 K among t
present compounds and therefore MR change by an app
magnetic field is most significant.2,3 Similarly, in Fig. 6~b!,
CMR is observed for all the compounds, but the curves
x50.243 and 0.286 (t50.908 and 0.907! have a large hys-
teresis. This is because these compounds become spin
at 4.2 K, as mentioned in Fig. 3.

A characteristic feature noted in Figs. 6~a! and 6~b! is that
MR decreases rapidly for the initial increment of magne
field of less than 0.2 T for all the compounds. In order to s
the rapid decrease in more detail, typical results forx
50, 0.071, and 0.143 (t50.916, 0.914, and 0.911! are en-
larged and shown in Figs. 7~a!, 7~b!, and 7~c!, respectively,
where the solid and dotted lines represent MR at 77 K a
4.2 K, respectively. As is found in the figures, the decreas
r/r0 is about 20–30 % at 0.2 T for every compound. T
order of decrease is comparable to that of GMR observe
multilayer and granular thin films.17 Moreover, such de-
crease at 4.2 K is larger than that at 77 K seen in Figs. 7~a!
and 7~b!. Hwanget al.18 have found similar rapid decreas
for La1/3Sr2/3MnO3 and they interpreted this rapid decrea
as tunneling magnetoresistance~TMR!;19 that is, spin-
polarized tunneling between grains exists and dominates
when CMR is relatively small. We believe that the rap
decrease observed in the present compounds is also d
TMR.

f

FIG. 5. Magnetization curves of (La12xDyx)0.7Ca0.3MnO3 (x
50.143) obtained for magnetic fields of up to 53 T at 77 and 4.2
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IV. DISCUSSION

Figure 8 showsTC andTg of (La12xDyx)0.7Ca0.3MnO3 as
a function of tolerance factort calculated using ionic radi
reported by Shannon.20 The figure also showsTC andTg of
(La-Tb!2/3Ca1/3MnO3 obtained by Teresaet al.,9 and TC of
(La-Pr!0.7Ca0.3MnO3 and (La-Y!0.7Ca0.3MnO3 obtained by
Hwanget al.3

In the figure, the electronic and magnetic states in
present compounds are also shown by using notations
rived by Hwanget al.3 and Teresaet al.;9 that is, paramag-
netic insulator~PMI!, ferromagnetic metal~FMM!, and spin
glass insulator~SGI!.

As known from the figure, whent is larger than 0.913
the relation betweenTC and t of (La-Dy!0.7Ca0.3MnO3 is
almost the same as those of (La-Tb!2/3Ca1/3MnO3,
(La-Pr!0.7Ca0.3MnO3 and (La-Y!0.7Ca0.3MnO3. This means
that the phase diagram (TC-t relation! derived by Hwang
et al. holds even for the present compound containing he
rare-earth metal ions, i.e., Dy31 when t is larger than 0.913
When t is smaller than 0.907, a spin glass insulator appe
at low temperatures. This spin glass insulator is differ
from a ferromagnetic insulator that appears in the co
pounds containing light rare-earth metal ions of Pr31 and/or
Y31. A similar spin glass insulator has also been reported
the compound (La-Tb!2/3Ca1/3MnO3. As was mentioned

FIG. 6. Magnetoresistance curves of (La12xDyx)0.7Ca0.3MnO3

(0<x<0.5) obtained for magnetic fields of up to 8 T at 77 K~a!
and 4.2 K~b!.
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FIG. 7. Magnetoresistance against magnetic fields
(La12xDyx)0.7Ca0.3MnO3 up to 8 T. ~a! x50. ~b! x50.071. ~c! x
50.143. Solid and dotted lines represent magnetoresistances
and 4.2 K, respectively.

FIG. 8. Electronic and magnetic phase diagram:TC andTg as a
function of t. Solid circle and solid triangle denoteTC and Tg of
(La-Dy!0.7Ca0.3MnO3. Open square denotes TC of
(La-Pr!0.7Ca0.3MnO3, ~La-Y!0.7Ca0.3MnO3 obtained by Hwang
et al. Open circle and open triangle denoteTC and Tg of
(La-Tb!2/3Ca1/3MnO3 obtained by Teresaet al.
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before, we found that the reentrant spin glass state app
for t values between 0.907 and 0.913.

The above difference in magnetic state at low tempe
tures between (La12xDyx)0.7Ca0.3MnO3 and
(La12xPrx)0.7Ca0.3 MnO3 indicates that the magnetic sta
depends not only on the tolerance factort but also on the
difference in size amongA-site ions as suggested b
Rodriguez-Martinez and Attfield.14 Rodriguez-Martinez and
Attfield14 and Damayet al.15 have used the variance~second
moment! of the A-site ions radii distributions2 to quantify
the effect of the difference in size amongA-site ions. They
have defineds2 ass25Syir i

22^r i&
2, wherei is the differ-

ence of the three kinds ofA-site ions,r i is the radius of each
A-site ion, yi is their fractional occupancies of thei ions
(Syi51), and ^r i& is the average radius ofA-site ions.
When we have calculateds2 for (La12xDyx)0.7Ca0.3 MnO3
and (La12xPrx)0.7Ca0.3MnO3, we found that the
s2 of (La12xPrx)0.7Ca0.3MnO3 is almost constant and
small (;5.031026 nm2). However, the s2 of
(La12xDyx)0.7Ca0.3MnO3 increases with increasin
Dy31 content; that is from 5.031026 nm2 for x50
to 3.031025 nm2 for x50.5. This difference in value
of s2 between (La12xDyx)0.7Ca0.3MnO3 and
(La12xPrx)0.7Ca0.3MnO3 clearly indicates that the differenc
in size amongA-site ions plays an important role in dete
mining magnetic state. The calculation also shows that
spin glass state appears whens2 is larger than about 1.5
31025 nm2. We speculate from the above result that
large value ofs2 (1.5;3.031025 nm2) corresponds to a
random distribution of the Mn-O-Mn bond angle and th
randomness suppresses the transfer energy between M
oms leading the spin glass state. A more detailed mechan
of the spin glass state has to be made clear in the future

Next, we discuss the electrical resistivity aboveTC for the
present compounds. In that temperature range, electrica
sistivity for manganite compounds is known to be prop
tional to 1/T1/4. This is explained by the variable-range ho
ping mechanism suggested by Mott.21 In fact, Khazeniet
,
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al.22 confirmed its validity for Nd0.62Pb0.3MnO3 single crys-
tal. Therefore, we plotted logr against 1/T1/4 for tempera-
tures aboveTC for all the compounds as shown in Fig. 9.
should be noted in the figure that the logr is nearly propor-
tional to 1/T1/4 for all compounds when 1/T1/4 is smaller than
about 0.28, but it deviates from the linear relation wh
1/T1/4 exceeds 0.28. This indicates that the present temp
ture dependence results not only from variable-range h
ping of electrons but, in addition, from another origin that
related to grain boundaries. The details of the mechan
should be made clear in the future.
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FIG. 9. logr vs 1/T1/4 plot for the specimens of
(La12xDyx)0.7Ca0.3MnO3 (0<x<0.5).
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