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Electronic and magnetic properties of the perovskitelike compounds ofR0.5A0.5MnO3 (R5Gd, Dy, Ho, Er;
A5Sr, Ca! have been studied by measuring lattice parameter, electrical resistivity, magnetic susceptibility, and
magnetization. All the Sr-doped compounds show a transition from a paramagnetic insulator to a spin-glass–
like insulator atTg , even though the manganite La0.5Ca0.5MnO3, with nearly the same tolerance factort, have
been shown by others, to have different transitions. On the other hand, all the Ca-doped compounds show a
charge-ordering transition atTCO and show a transition from a paramagnetic insulator to a canted antiferro-
magnetic insulator and/or a spin-glass–like insulator atTCA belowTCO. These transition temperatures decrease
with decreasingt. In the compound of Gd0.5Ca0.5MnO3, the collapse of the charge ordering has been observed
under a pulsed high magnetic field of 45 T at 4.2 K. On the other hand, in the compound of Gd0.5Sr0.5MnO3,
the magnetization process depends on the strength of magnetic field. These electronic and magnetic properties
depend not only on the tolerance factor but also the variance~second moment! of the A-site ion radii
distribution.
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I. INTRODUCTION

Perovskite manganites with 50% of trivalent rare-ea
ions of R31 replaced by divalent alkaline-earth metal ions
A21, R0.5A0.5MnO3 (R5La, Pr, Nd, Sm;A5Sr, Ca!, have
been extensively studied and found to show interesting e
tronic and magnetic properties, such as metal-insulator t
sition due to the double-exchange interaction~magnetic in-
teraction between Mn31 and Mn41 that is caused by the
hopping of eg electrons between the two partially filledd
shells with strong on-site Hund’s coupling!, charge-ordering
transitions due to the long-range Coulomb interaction am
the carriers and antiferromagnetic transition due to the su
exchange interaction, depending on the combination ofR and
A.1–13

The electronic and magnetic properties of manganites
vestigated until now have been discussed by using a to
ance factort, which is a geometrical index defined ast
5(r A1r O)/A2(r Mn1r O), wherer A is the average ionic ra
dius ofR31 andA21, r O is the ionic radius of O22, andr Mn
is the average ionic radius of Mn31 and Mn41. With de-
creasingt, the Mn-O-Mn bond angles, which are microscop
cally related to the transfer integralb describing electron
hopping between Mn31 and Mn41, decrease.8

Recently, however, Rodriguez-Martinez and Attfield14

and Damayet al.15 suggest that electronic and magne
properties of manganites depend not only on the tolera
factor, as mentioned above, but also on the variance~second
moment! s2 defined by the equation,s25(yir i

22r A
2 , where

r i is the radius of eachR31 and A21, yi is their fractional
PRB 610163-1829/2000/61~5!/3488~6!/$15.00
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occupancies of thei ions ((yi51), r A is the average ionic
radius ofR31 andA21, corresponding to a random distribu
tion of Mn-O-Mn bond angles.14,15 In order to confirm the
propriety of this suggestion, we need information on ele
tronic and magnetic properties in other compounds
R0.5A0.5MnO3 (A; Sr, Ca! with the samet but different
s2 .4,5 For such experiments, the compounds including he
rare-earth metals such as Gd, Dy, Ho, and Er are quite s
able because thoseR0.5A0.5MnO3 (A; Sr, Ca! compounds
have a t value nearly the same as that of th
La0.5Ca0.5MnO3 .4,5 Nevertheless the former compound
haves2 values quite different from those of the latter com
pounds. However, there are not many studies on s
compounds.16–19

The purpose of the present study, therefore, is to inve
gate the electronic and magnetic properties of those c
pounds ofR0.5Sr0.5MnO3 (R5Gd, Dy, Ho, Er!. In addition,
we investigateR0.5Ca0.5MnO3 (R5Gd, Dy, Ho, Er! because
we can obtain the information on the electronic and magn
properties of manganites with a value oft lower than 0.909,
whose information has also quite few properties
R0.5A0.5MnO3 .16–22

II. EXPERIMENT

Polycrystalline specimens ofR0.5A0.5MnO3 (R5Gd, Dy,
Ho, Er;A5Sr, Ca! were prepared by conventional solid-sta
reaction processing in air. Stoichiometric compounds
Gd2O3, Dy2O3, Ho2O3, Er2O3 , SrCO3, CaCO3, and
Mn3O4 were mixed for the compositions mentioned abo
and calcined in air by holding the specimens at 1173–1
3488 ©2000 The American Physical Society



g
d

sin

in

m
P
r-

ea
e
tin
tin
a

p
se
n
e

d
le

al
f a
th
lt
,

nd

-

ues
be
our

of

imen
a

n in

ting
ed

arth

re
har-
re-
nds

ved
ical

by

de-

ur

PRB 61 3489ELECTRONIC AND MAGNETIC PROPERTIES OF . . .
K for 12–15 h. Sintering was carried out in air by holdin
the specimens at 1653–1773 K for 25–60 h after interme
ate grinding. In this paper, we describe the compounds u
composition together with the tolerance factort, and the vari-
ances2, for simplicity. In the present case, the increase
weight of rare-earth metal ions (Gd→Dy→Ho→Er) corre-
sponds to the decrease int and the increase ins2 . Powder
x-ray-diffraction measurement was made for all the co
pounds using Rigaku RINT 2500 and Macscience MX3

systems. Resistivityr was measured by the standard fou
probe method. In the measurement, current and voltage l
were connected to the specimen with silver paste. Magn
susceptibility was measured with both a superconduc
quantum interference device magnetometer and a vibra
sample magnetometer. Magnetization was measured by
plying static magnetic fields of up to 1.8 T and also by a
plying pulsed high magnetic fields of up to 68 T, who
instrument belongs to Research Center for Materials Scie
at Extreme Conditions, Osaka University. Incidentally, w
do not analyze the oxygen content in the specimens use
the present study, although it was reported to affect the e
tronic and magnetic properties in the manganites.16

III. RESULTS

A. X-ray-diffraction and electrical resistivity measurements

We made powder x-ray-diffraction measurement for
the compounds at room temperature. The reflections o
the Ca-doped compounds can be indexed by only an or
rhombic (c/A2,a,b,O8-type! structure and a typical resu
of Gd0.5Ca0.5MnO3 is shown in Fig. 1~a!. On the other hand
the reflections of Sr-doped compounds (R5Gd, Dy, Ho!
seem to be different from those of the Ca-doped compou

FIG. 1. X-ray-diffraction pattern at room temperature for~a!
Gd0.5Sr0.5MnO3, ~b! Er0.5Sr0.5MnO3, ~c! Gd0.5Ca0.5MnO3 . The
symbols~* ! in ~b! represent the reflections of hexagonal struct
(ErMnO3).
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as typically shown in Fig. 1~b! of Gd0.5Sr0.5MnO3 . Recently,
however, Garcı´a-Landaet al.17 made a precise x-ray mea
surement for the Gd0.5Sr0.5MnO3 compound and found it to
be an orthorhombic structure, where the difference in val
of the a andb axes is quite small. This difference cannot
detected in our experiment because of the limitation of
x-ray instruments. Instead, we indexed all the reflections
the Sr-doped compounds (R5Gd, Dy, Ho! by regarding
these compounds as a pseudocubic structure. The spec
of Er0.5Sr0.5MnO3 consists of a pseudocubic phase with
slight amount of a hexagonal phase. The result is show
Fig. 1~c!.

Then, we measured the electrical resistivityr as a func-
tion of temperature for all the compounds, where the hea
and cooling rate were about 0.5 K/min. The results obtain
are shown in Figs. 2~a!–2~d!. In each figure, ther-T curves
of Sr- and Ca-doped compounds with the same rare-e
ions are shown for comparison. It is noted in Figs. 2~a!–2~d!
that the resistivity is quite high; i.e., all the compounds a
almost insulator in the measured temperature range. A c
acteristic feature is that the increasing ratio in electrical
sistivity against temperature for all the Ca-doped compou
changes at a certain temperature (TCO) indicated with an
arrow in each figure, although such behavior is not obser
for all the Sr-doped compounds. Similar changes in electr
resistivity have already been observed in Pr12xCaxMnO3
(0.3<x<0.5) ~Ref. 3! and La0.5Ca0.5MnO3,4 and they have
been confirmed to be due to a onset of charge ordering
neutron-diffraction measurement.23 From this fact and the
present result of the pulsed magnetic field measurement

e
FIG. 2. Temperature dependence of resistivity for~a!

Gd0.5Sr0.5MnO3 and Gd0.5Ca0.5MnO3, ~b! Dy0.5Sr0.5MnO3 and
Dy0.5Ca0.5MnO3, ~c! Ho0.5Sr0.5MnO3 and Ho0.5Ca0.5MnO3, ~d!
Er0.5Sr0.5MnO3 and Er0.5Ca0.5MnO3 .
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scribed later, we find that the temperature where the incr
ing rate of electrical resistivity changes during cooling, c
responds to the onset temperature of the charge-orde
transition. Another feature is that the charge-ordering te
perature decreases with decreasingt, i.e., in order of the
compounds, including heavier rare-earth elements~Gd, Dy,
Ho, Er!. This transition has a temperature hysteresis as s
in the figure, indicating that the transition is of a first ord

B. Magnetic susceptibility measurement

In order to obtain the information on magnetic states
all the compounds, the magnetic susceptibility (x) measure-
ments have been done under the two conditions; one
zero-field-cooled~ZFC! run and the other is a field-coole
~FC! run at H5331024;531021 T. The results are
shown in Figs. 3~a!–3~d! and Figs. 4~a!–4~d! for the Sr-
doped and Ca-doped compounds, respectively. In the figu
solid and dotted curves represent the results of FC and
runs, respectively.

In Figs. 3~a!–3~d!, the susceptibility decreases with in
creasing temperature for all the Sr-doped compounds.
relations between 1/x andT are almost linear at temperature
higher than 100 K for all the Sr-doped compounds. The
fective moments obtained from the relations are in go
agreement with calculated ones for all the compounds, wh
the magnetic moment of a rare-earth metal ion is conside
The results are shown in Table I. It is noted in Fig. 3 that
temperature dependence ofx obtained by the ZFC run is
different from that obtained by the FC run at temperatu
lower thanTg for all the compounds, suggesting that the

FIG. 3. Temperature dependence of magnetic susceptibility
~a! Gd0.5Sr0.5MnO3, ~b! Dy0.5Sr0.5MnO3, ~c! Ho0.5Sr0.5MnO3, ~d!
Er0.5Sr0.5MnO3, obtained by FC~solid line! and ZFC~dotted line!
runs at 0.1 T.
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compounds are in a spin-glass–like state at temperat
lower thanTg . This spin-glass–like state was already r
ported in Gd0.5Sr0.5MnO3 by Garcı´a-Landaet al.17 by using
neutron-diffraction and ac susceptibility measurements.

In Figs. 4~a!–4~d!, the susceptibility also decreases wi
increasing temperature for all the Ca-doped compounds.
relations between 1/x andT are almost linear at temperature
between 150 K andTCO for all the Ca-doped compounds
The effective moments obtained from the relations are
good agreement with calculated ones for all the compoun
where the magnetic moments of rare-earth metal ions
considered, as in the Sr-doped compounds. The results
also shown in Table I. A characteristic feature in Fig. 4
that the temperature dependence ofx obtained by ZFC runs
is quite different from that obtained by a FC run at tempe
tures lower than the temperature indicated withTCA for all

r
FIG. 4. Temperature dependence of magnetic susceptibility

~a! Gd0.5Ca0.5MnO3, ~b! Dy0.5Ca0.5MnO3, ~c! Ho0.5Ca0.5MnO3, ~d!
Er0.5Ca0.5MnO3, obtained by FC~solid line! and ZFC~dotted line!
runs at 3.031024;1.431023 T. Insets show the temperature d
pendence of magnetic susceptibility at 0.1;0.5 T.

TABLE I. Experimental and calculated effective magnetic m
ments inR0.5A0.5MnO3 (R5Gd, Dy, Ho, Er;A5Sr, Ca!.

Compounds Experiment (mB) Calculation (mB)

Gd0.5Sr0.5MnO3 8.57 8.36
Dy0.5Sr0.5MnO3 9.90 9.72
Ho0.5Sr0.5MnO3 9.95 9.69
Er0.5Sr0.5MnO3 9.18 9.18
Gd0.5Ca0.5MnO3 8.52 8.36
Dy0.5Ca0.5MnO3 9.62 9.72
Ho0.5Ca0.5MnO3 9.30 9.69
Er0.5Ca0.5MnO3 9.19 9.18
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the compounds. This suggests that the magnetic state
Ca-doped compounds are also in a spin-glass–like sta
these lower temperatures, as in a way similar to the Sr-do
compounds. However, recent studies by Tomiokaet al.7 and
Blascoet al.19 show thatR0.5Ca0.5MnO3 (R5Sm, Tb! com-
pounds with nearly the samet as that of the presen
R0.5Ca0.5MnO3 (R5Gd, Dy, Ho, Er! compounds exhibit an
antiferromagnetic transition. Considering these results,
magnetic state of the present Ca-doped compounds is
lieved to be a canted antiferromagnetic rather than a s
glass state.

It should be noted that the change inx due to the charge
ordering is not clear although the change inr due to this
ordering is clear, as seen in Figs. 2~a!–2~d!. Since the change
due to charge ordering is considered to be proportional to
strength of magnetic field, we applied higher magnetic fie
to the Ca-doped compounds to check it. The results
shown in the inset on each figure. As known from the inse
each figure, the increasing ratio ofx clearly changes at the
temperature indicated with an arrow on each curve. T
temperature coincides with the charge-ordering tempera
determined by electrical resistivity measurements for all
compounds.

C. Collapse of charge ordering under a high magnetic field

As mentioned above, the Ca-doped compounds use
the present study exhibit the charge ordering transition. It
been known the charge-ordered state collapses by applic
of high magnetic field~for example, 25 T at 4.2 K for
Nd0.5Ca0.5MnO3).24 In order to confirm the collapse of th
charge ordering in the present Ca-doped compounds, we
plied a pulsed high magnetic field to it. In the experiment,

FIG. 5. Temperature dependence of lattice parameters for~a!
Gd0.5Ca0.5MnO3, ~b! Gd0.5Sr0.5MnO3 .
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chose Gd0.5Ca0.5MnO3 (t50.905) because the change inr
and x against temperature is largest among the Ca-do
compounds used in the present study. Before doing such
periment, we examined the initial states of Gd0.5Ca0.5MnO3,
such as crystal structure and magnetization process, at
temperatures. Figure 5~a! shows the lattice parameter as
function of temperature for Gd0.5Ca0.5MnO3 . As known
from the figure, the Gd0.5Ca0.5MnO3 has the large change i
the lattice parameters around 320 K, which nearly cor
sponds toTCO determined by electrical resistivity and ma
netic susceptibility measurements, as mentioned before.
ure 6~a! shows the magnetization curves of Gd0.5Ca0.5MnO3
under low magnetic fields of up to 1.8 T at RT, 77 K and 4
K, where there is no hysteresis, at each temperature. The
applied a pulsed high magnetic field to Gd0.5Ca0.5MnO3 at
the temperatures of 200 and 4.2 K belowTCO and the results
are shown in Fig. 7. As known from the figure, a sudd
increase in magnetization is observed at 45 T~4.2 K! and 30
T ~200 K!, indicated with arrows, and there exists hystere
at both temperatures. Similar behavior has been observe
Pr0.5Ca0.5MnO3 and Nd0.5Ca0.5MnO3 compounds by
Tokunagaet al.24 and this has been explained by the collap
of the charge ordering. Considering the present a
Tokunagaet al.’s results, we believe that this sudden i
crease is caused by the collapse of the charge ordering.
saturated moment at 4.2 K is about 6.5mB /f.u., which is in
good agreement with a calculated one including the mom
of Gd31 .

We also applied a high magnetic field to the Sr-dop
compound including the same Gd31 (Gd0.5Sr0.5MnO3, t

FIG. 6. Magnetization curves for~a! Gd0.5Ca0.5MnO3, ~b!
Gd0.5Sr0.5MnO3, obtained under magnetic fields of up to 1.8 T
4.2, 12, 77 K and RT.
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50.928), which hasTg at 62 K. Before doing the experi
ment, we measured the lattice parameter and magnetiza
under low magnetic field and their results are shown in F
5~b! and Fig. 6~b!, respectively. It is noted in Fig. 5~b! the
lattice parameter decreases linearly with decreasing temp
ture ~we regard the structure as the pseudocubic one in
present study!. A characteristic feature in Fig. 6~b! is that
there exists the magnetization hysteresis at 12 K (,Tg), but
not at 77 K and RT (.Tg), being consistent with the resu
shown in Fig. 3. Then we applied pulsed high magne
fields with a strength of 7.5 and/or 60 T at 4.2 K to t
Gd0.5Sr0.5MnO3 . Their results are shown in Fig. 8 with th
dotted ~7.5 T! and solid ~60 T! curves. As seen from the
figure, the magnetization process is quite different wh
compared with each other, meaning that the magnetiza
process of Gd0.5Sr0.5MnO3 depends on the strength of ma
netic field. Such behavior is not observed at temperature
K, which is higher thanTg , as shown in Fig. 8. These resul
suggest the magnetic state of Gd0.5Sr0.5MnO3 at 4.2 K has
several metastable states. This is consistent with the fact
the magnetic state of Gd0.5Sr0.5MnO3 is spin-glass state, a
mentioned before.

FIG. 7. Magnetization curves of Gd0.5Ca0.5MnO3, obtained un-
der magnetic fields of up to 68 T at 4.2 and 200 K.

FIG. 8. Magnetization curves of Gd0.5Sr0.5MnO3, obtained un-
der magnetic fields of up to 60 and/or 7.5 T at 4.2 K and 60 T
200 K. Solid and dotted lines represent magnetization curves u
magnetic fields of 60 and 8 T, respectively.
ion
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IV. DISCUSSION

We summarized the plots of electronic and magne
properties of the present compounds against the tolera
factor t, calculated by referring to the ion radii obtained b
Shannon.25 The results are shown in Fig. 9, where tho
obtained by other workers onR0.5A0.5MnO3 (R5La, Pr, Nd,
Sm, Gd, Tb, Y;A5Sr, Ca! by now2–7,17–19,24are also shown.
In the figure,TCO ~open and closed square!, TC ~open circle!,
Tg ~inverted open and closed triangle!, TN ~open triangle!,
and TCA ~closed triangle! represent charge-ordering, Curi
spin-glass, Ne´el, and canted antiferromagnetic temperatur
respectively~closed symbols are of the present data!. We
also calculated thes2 ~a parameter corresponding to a ra
dom distribution of Mn-O-Mn bond angles! of the present
and the other manganites and added in Fig. 10~closed sym-
bols are of the present data!.

From Figs. 9 and 10, we notice that the prese
R0.5Sr0.5MnO3 (R5Gd, Dy, Ho, Er!, which are nearly the
same in t values but different ins2 values compared to

t
er

FIG. 9. Electronic and magnetic phase diagram:TCO ~open and
closed square!, TC ~open circle!, Tg ~inverted open and closed tri
angle!, TN ~open triangle!, andTCA ~closed triangle! as a function of
t. Closed symbols denote for the presentR0.5A0.5MnO3 (R5Gd,
Dy, Ho, Er; A5Sr, Ca! and open symbols denote for the previo
R0.5A0.5MnO3 (R5La, Pr, Nd, Sm, Gd, Tb;A5Sr, Ca!. PMI, COI,
FMM, SGI, AFI, and CAFI represent paramagnetic insulat
charge-ordering insulator, ferromagnetic metal, spin-glass insula
antiferromagnetic insulator, and canted antiferromagnetic insula
respectively.

FIG. 10. Variation ofs2 vs t for the present and previou
R0.5A0.5MnO3 compounds. The correspondingA-site cations are la-
beled on the graph.
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La0.5Ca0.5MnO3, show the electrical and magnetic transitio
different from those of the La0.5Ca0.5MnO3 compound. That
is, R0.5Sr0.5MnO3 (R5Gd, Dy, Ho, Er! compounds show a
transition from a paramagnetic insulator to a spin-glass in
lator while the La0.5Ca0.5MnO3 compound shows a transitio
from a paramagnetic to a ferromagnetic insulator, and the
a charge-ordering and, finally, to an antiferromagnetic in
lator. This result clearly suggests that electronic and m
netic properties depend not only ont but also ons2, which is
suggested by Rodriguez-Martinez and Attfield14 and Damay
et al.15 Moreover, considering a large value ofs2, it may be
quite reasonable thatR0.5Sr0.5MnO3 (R5Gd, Dy, Ho, Er!
exhibits spin-glass states. The reason is that a large valu
s2 corresponds to a random distribution of the Mn-O-M
bond angles closely related to the transfer integerb. Consid-
ering this randomness ofb, we can speculate that the spec
men is inhomogeneous magnetically, which consists of
romagnetic region and antiferromagnetic region depend
on the value of the transfer integral,b as suggested by Teres
et al.10 This situation is regarded as the spin-glass state
obtained in the present study.

It is also noted in Fig. 9 that the behavior ofTCO against
t of the present Ca-doped compounds is quite different fr
that of the previous Ca-doped compounds. The relation
tween TCO and t of the light rare-earthR0.5A0.5MnO3 (R
5La, Pr, Nd, Sm;A5Sr, Ca! compounds was explaine
qualitatively by the tolerance factort as follows. That is,
with decreasingt, Mn-O-Mn bond angles decrease; i.e
.

.

.E

.

B

,

.A
u-

to
-

g-

of

r-
g

as

e-

transfer integralb decreases. Therefore,eg electrons tend to
transfer from the itinerant state to the localized state w
decreasingt, leading to an increase inTCO, as seen in the
figure. From the viewpoint of tolerance factor, the behav
of TCO againstt of the present Ca-doped compounds cont
dicts with the above explanation; i.e.,TCO of the present
Ca-doped compounds decreases with decreasingt. This con-
tradiction is also explained by taking thes2 in consideration.
That is, as known in Fig. 10, thes2 values of the presen
Ca-doped compounds increase with decreasingt. Because of
the high value ofs2, the specimen is inhomogeneous ele
tronically, as mentioned above. Therefore, a long-ran
charge-ordered state comes to be difficult to realize, cau
a decrease in charge-ordering temperature with decreasit.
We also believe that the decrease inTCA with decreasingt in
the present Ca-doped compounds is related to the increa
s2 with decreasingt.

From the above results, we conclude that the varia
~second moment! of theA-site ion radii distribution,s2, also
plays an important role to determine the electronic and m
netic properties of manganites as well as tolerance factot.
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