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Electronic and magnetic properties of the perovskitelike compounég g%, sMnO; (R=Gd, Dy, Ho, Er;
A=Sr, 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 afTy, even though the manganite J4&£a, sMnO;, with nearly the same tolerance factphave
been shown by others, to have different transitions. On the other hand, all the Ca-doped compounds show a
charge-ordering transition 8izo and show a transition from a paramagnetic insulator to a canted antiferro-
magnetic insulator and/or a spin-glass—Ilike insulatdr@tbelowT.g. These transition temperatures decrease
with decreasing. In the compound of GgtCa, gMnO;, 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 £3r5&MNO;,
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 varideeeond momeitof the A-site ion radii
distribution.

[. INTRODUCTION occupancies of theions Cy;=1), r, is the average ionic
radius ofR®* andA?", corresponding to a random distribu-
Perovskite manganites with 50% of trivalent rare-earthtion of Mn-O-Mn bond angle&*** In order to confirm the
ions of R™ replaced by divalent alkaline-earth metal ions of propriety of this suggestion, we need information on elec-
A% RyApMnO; (R=La, Pr, Nd, SmA=Sr, C3, have tronic and magnetic properties in other compounds of
been extensively studied and found to show interesting eled05A0sMNO; (A; Sr, Ca with the samet but different
tronic and magnetic properties, such as metal-insulator tran” - > For such experiments, the compounds including heavy
sition due to the double-exchange interactiomagnetic in-  rare-earth metals such as Gd, Dy, Ho, and Er are quite suit-
teraction between M and Mf* that is caused by the @ble because thosRysAqsMnO; (A; Sr, Ca compounds
hopping of ey electrons between the two partially filled have a t Va"j% nearly the same as that of the
shells with strong on-site Hund's couplingharge-ordering -205C%.8Mn0s .= Nevertheless the former compounds
transitions due to the long-range Coulomb interaction amongave(r values quite different from those of the_latter com-
the carriers and antiferromagnetic transition due to the sup rounds. However, there are not many studies on such

exchange interaction, depending on the combinatidr afid Compounds?~°
AL-13 9 »dep 9 The purpose of the present study, therefore, is to investi-

The el . q . . ¢ ... gate the electronic and magnetic properties of those com-
he electronic and magnetic properties of manganites iny - 4q 0fRy ¢St MNO; (R=Gd, Dy, Ho, EJ. In addition,
vestigated until now have been discussed by using a tole(y,, investigateR, :Ca, sMNOs (R=Gd, Dy, Ho, E} because
ance factort, which is a geometrical index defined &s \ye can obtain the information on the electronic and magnetic
=(ra+1g)/\2(ruy+ro), wherer , is the average ionic ra- properties of manganites with a valuetdbwer than 0.909,

dius of R** andA“_, rois the ionic radius of o, andry,  whose information has also quite few properties in
is the average ionic radius of Mh and Mrf*. With de- R, A, MnO,.16-22

creasing, the Mn-O-Mn bond angles, which are microscopi-
cally related to the transfer integrél describing electron
hopping between Mit and Mrf*, decreasé.

Recently, however, Rodriguez-Martinez and Attfiéld Polycrystalline specimens &, A, sMnO; (R=Gd, Dy,
and Damayet al!® suggest that electronic and magnetic Ho, Er; A= Sr, Ca were prepared by conventional solid-state
properties of manganites depend not only on the toleranceeaction processing in air. Stoichiometric compounds of
factor, as mentioned above, but also on the varideeeond  Gd,0;, Dy,0;, Ho,0;3, Er,O3, SICQ;, CaCQ, and
momenj o2 defined by the equatiom;?=Sy;r?—ra, where  Mn;O, were mixed for the compositions mentioned above
r; is the radius of eacR®* andA?", y; is their fractional and calcined in air by holding the specimens at 1173-1273

IIl. EXPERIMENT
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FIG. 1. X-ray-diffraction pattern at room temperature fay 0 100 200 300 400 O 100 200 300 400
Gdy St sMN0O3, (b) ErgsSipsMnOg, (€) GdysCaysMnO;. The Temperature T (K)
symbols(*) in (b) represent the reflections of hexagonal structure
(ErMnGy). FIG. 2. Temperature dependence of resistivity foa)

GdysSrhsMnO; and Gd CasMnO;, (b) DygsSrhsMnO; and
K for 12—15 h. Sintering was carried out in air by holding DYosC&sMnOs, (¢) HosShhsMnO; and Hg sCay sMnOs, (d)
the specimens at 1653-1773 K for 25—60 h after intermediEfosStsMnO; and Ep £Ca sMNnO; .
ate grinding. In this paper, we describe the compounds using
composition together with the tolerance fadioaind the vari-  as typically shown in Fig. (b) of Gd, St sMnO; . Recently,
anceo?, for simplicity. In the present case, the increase iNnhowever, Gar@-Landaet all” made a precise x-ray mea-
weight of rare-earth metal ions (GeDy—Ho—Er) corre-  surement for the GgSr, sMnO; compound and found it to
sponds to the decrease tirand the increase in”. Powder  be an orthorhombic structure, where the difference in values
x-ray-diffraction measurement was made for all the com-of thea andb axes is quite small. This difference cannot be
pounds using Rigaku RINT 2500 and Macscience MXP detected in our experiment because of the limitation of our
systems. Resistivity was measured by the standard four-x-ray instruments. Instead, we indexed all the reflections of
probe method. In the measurement, current and voltage leaéise Sr-doped compoundsREGd, Dy, Ho by regarding
were connected to the specimen with silver paste. Magnetithese compounds as a pseudocubic structure. The specimen
susceptibility was measured with both a superconductingf Er, .S, MnO; consists of a pseudocubic phase with a
quantum interference device magnetometer and a vibratinglight amount of a hexagonal phase. The result is shown in
sample magnetometer. Magnetization was measured by apig. 1(c).
plying static magnetic fields of up to 1.8 T and also by ap- Then, we measured the electrical resistiyitys a func-
plying pulsed high magnetic fields of up to 68 T, whosetion of temperature for all the compounds, where the heating
instrument belongs to Research Center for Materials Sciencgnd cooling rate were about 0.5 K/min. The results obtained
at Extreme Conditions, Osaka UniverSity. |nCidenta”y, Wegare shown in F|gs(a)_2(d) In each figure, th@_T curves
do not analyze the oxygen content in the specimens used if Sr- and Ca-doped compounds with the same rare-earth
the present study, although it was reported to affect the eleGons are shown for comparison. It is noted in Fig&)22(d)

tronic and magnetic properties in the manganifes. that the resistivity is quite high; i.e., all the compounds are
almost insulator in the measured temperature range. A char-
. RESULTS acteristic feature is that the increasing ratio in electrical re-

sistivity against temperature for all the Ca-doped compounds
changes at a certain temperatufe;§) indicated with an

We made powder x-ray-diffraction measurement for allarrow in each figure, although such behavior is not observed
the compounds at room temperature. The reflections of afor all the Sr-doped compounds. Similar changes in electrical
the Ca-doped compounds can be indexed by only an orthagesistivity have already been observed in,_RCaMnO,
rhombic (c/2<a<b, O’ -type) structure and a typical result (0.3<x<0.5) (Ref. 3 and La Ca sMnOs,* and they have
of Gdy sCa sMnO;3 is shown in Fig. 1&). On the other hand, been confirmed to be due to a onset of charge ordering by
the reflections of Sr-doped compound®=Gd, Dy, HO neutron-diffraction measuremefit.From this fact and the
seem to be different from those of the Ca-doped compoundgresent result of the pulsed magnetic field measurement de-

A. X-ray-diffraction and electrical resistivity measurements
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FIG. 4. Temperature dependence of magnetic susceptibility for
FIG. 3. Temperature dependence of magnetic susceptibility fo(g) G0y Ca MNOs, (b) Dyq Ca sMnOs, (€) Hop Ca, MnOs, (d)
(@ GdysSiosMNOs, (b) DyosSihgMNO;, (€) HopsS1osMnOs, (d)  Er 4Cay sMNOs, obtained by FQsolid line) and ZFC(dotted ling
Ero 5S10,sMnOs, obtained by FQsolid line) and ZFC(dotted lin®@  runs at 3.x 107 *~1.4x 102 T. Insets show the temperature de-

runs at 0.1 T. pendence of magnetic susceptibility at-9.0.5 T.

scribed later, we find that the temperature where the increagompounds are in a spin-glass—like state at temperatures
ing rate of electrical resistivity changes during cooling, cor-lower than Ty. This spin-glass—like state was already re-
responds to the onset temperature of the charge-orderingbrted in Gg Sr, MnO; by Garca-Landaet all’ by using
transition. Another feature is that the charge-ordering temneutron-diffraction and ac susceptibility measurements.
perature decreases with decreastng.e., in order of the In Figs. 4a)—4(d), the susceptibility also decreases with
compounds, including heavier rare-earth elemé@s, Dy,  increasing temperature for all the Ca-doped compounds. The
Ho, Ep. This transition has a temperature hysteresis as seg@lations between ¥/andT are almost linear at temperatures
in the figure, indicating that the transition is of a first order. petween 150 K and ¢ for all the Ca-doped compounds.
The effective moments obtained from the relations are in
B. Magnetic susceptibility measurement good agreement with calculated ones for all the compounds,

. . . . where the magnetic moments of rare-earth metal ions are
In order to obtain the information on magnetic states for

Il th ds. th " tibili considered, as in the Sr-doped compounds. The results are
a te (;]ompokl)m S'd € magge |(t:hsu?cep| ||§y_)t_¢nez.isure-_ also shown in Table I. A characteristic feature in Fig. 4 is
zero-fld-cooledZFQ) run and the other is a fild-cooled (12, (e temperature dependenceyaibtained by ZFC runs
(FO) run at H=3x10"*~5x10"% T. The results are is quite different from that obtained by a FC run at tempera-

shown in Figs. @)-3(d) and Figs. 4a)—4(d) for the Sr- tures lower than the temperature indicated wit, for all

doped and Ca-doped compounds, respectively. In the figures, TABLE |. Experimental and calculated effective magnetic mo-

solid and dotted curves represent the results of FC and ZF(,o s iRy sAg MNO; (R=Gd, Dy, Ho, Er:A=Sr, Ca.

runs, respectively. Rl
In Figs. 3a)-3(d), the susceptibility decreases with in- compounds

creasing temperature for all the Sr-doped compounds. The

Experimeniug) Calculation (ug)

relations between ¥/andT are almost linear at temperatures Gt sSlosMNnO3 8.57 8.36
higher than 100 K for all the Sr-doped compounds. The efDygsStysMnO; 9.90 9.72
fective moments obtained from the relations are in goodHog sSip sMNO; 9.95 9.69
agreement with calculated ones for all the compounds, wherer, sSry sMnO, 9.18 9.18
the magnetic moment of a rare-earth metal ion is consideredd, Ca, MnO; 8.52 8.36
The results are shown in Table I. It is noted in Fig. 3 that theDy, .Ca, MnO; 9.62 9.72
temperature dependence gfobtained by the ZFC run is Ho,Ca, MnO; 9.30 9.69
different from that obtained by the FC run at temperaturesy, .Ca, MnO5 9.19 9.18

lower thanT, for all the compounds, suggesting that these:
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FIG. 6. Magnetization curves fofa) Gd,CagMnO;, (b)

the compounds. This suggests that the magnetic states 6fbsSh.sMnOs, obtained under magnetic fields of up to 1.8 T at
Ca-doped compounds are also in a spin-glass—like state 42, 12, 77 K and RT.
these lower temperatures, as in a way similar to the Sr-doped B ,
compounds. However, recent studies by Tomiekal” and ~ ch0se GglsCa MnO; (t=0.905) because the changen
Blascoet al® show thatR, £Ca, MnO; (R=Sm, Th com- and y against temperature is largest among thg Ca-doped
pounds with nearly the ‘same as that of the present compounds used in the pres.e.nj[ study. Before doing such ex-
Ro:Cé :MNO; (R=Gd, Dy, Ho, Ej compounds exhibit an periment, we examined the initial states o_fogﬁa),SMnog,,
antiferromagnetic transition. Considering these results, thgUch as crystal structure and magnetization process, at low
magnetic state of the present Ca-doped compounds is biemperatures. Figure(® shows the lattice parameter as a
lieved to be a canted antiferromagnetic rather than a spiftnction of temperature for GdCa MnOs. As known
glass state. from the figure, the GgkCa sMnO; has the large change in

It should be noted that the changejindue to the charge the lattice parameters around 32(_) K, whlc.h.nearly corre-
ordering is not clear although the changegrdue to this SPONds toTco determined by electrical resistivity and mag-
ordering is clear, as seen in Figga2-2(d). Since the change netic susceptibility measurfamgnts, as mentioned before. Fig-
due to charge ordering is considered to be proportional to there 8a shows the magnetization curves of §368 gMnOs
strength of magnetic field, we applied higher magnetic fieldg/nder low magnetic fields of up to 1.8 T at RT, 77 K and 4.2
to the Ca-doped compounds to check it. The results ar& Where there is no hysteresis, at each temperature. Then we
shown in the inset on each figure. As known from the inset irPPPlied a pulsed high magnetic field to {z8a sMnO; at
each figure, the increasing ratio gfclearly changes at the the temperatures of 200 and 4.2 K beldwg and the results
temperature indicated with an arrow on each curve. Thi§'® shown in Fig. 7. As known from the figure, a sudden
temperature coincides with the charge-ordering temperatufgCcrease in magnetization is observed at 4812 K) and 30

determined by electrical resistivity measurements for all the! (200 K), indicated with arrows, and there exists hysteresis
compounds. at both temperatures. Similar behavior has been observed in

PrpsCasMnO; and Ng L& MnO; compounds by

Tokunagaet al?* and this has been explained by the collapse

of the charge ordering. Considering the present and
As mentioned above, the Ca-doped compounds used iMokunagaet al’s results, we believe that this sudden in-

the present study exhibit the charge ordering transition. It hasrease is caused by the collapse of the charge ordering. The

been known the charge-ordered state collapses by applicatigaturated moment at 4.2 K is about 6g&/f.u., which is in

of high magnetic field(for example, 25 T at 4.2 K for good agreement with a calculated one including the moment

Ndy sCa sMnO53).%* In order to confirm the collapse of the of GA* .

charge ordering in the present Ca-doped compounds, we ap- We also applied a high magnetic field to the Sr-doped

plied a pulsed high magnetic field to it. In the experiment, wecompound including the same &d (Gdy St sMNnO;, t

C. Collapse of charge ordering under a high magnetic field
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FIG. 9. Electronic and magnetic phase diagrdig; (open and

FIG. 7. Magnetization curves of GegCa, sMNnO;, obtained un- ~ closed squade T¢ (open circlg, T, (inverted open and closed tri-
der magnetic fields of up to 68 T at 4.2 and 200 K. angle, Ty (open trianglg andT 4 (closed trianglgas a function of

t. Closed symbols denote for the pres@sAqsMnO; (R=Gd,

Dy, Ho, Er; A=Sr, Cg and open symbols denote for the previous
=0.928), which hasT, at 62 K. Before doing the experi- R, A,MnO; (R=La, Pr, Nd, Sm, Gd, TbA=Sr, Ca. PMI, COlI,
ment, we measured the lattice parameter and magnetizaticiMM, SGI, AFI, and CAFI represent paramagnetic insulator,
under low magnetic field and their results are shown in Figcharge-ordering insulator, ferromagnetic metal, spin-glass insulator,
5(b) and Fig. &b), respectively. It is noted in Fig.(B) the  antiferromagnetic insulator, and canted antiferromagnetic insulator,
lattice parameter decreases linearly with decreasing tempergspectively.
ture (we regard the structure as the pseudocubic one in the
present study A characteristic feature in Fig.() is that
there exists the magnetization hysteresis at 12K ), but We summarized the plots of electronic and magnetic
not at 77 K and RT £ Tg), being consistent with the result properties of the present compounds against the tolerance
shown in Fig. 3. Then we applied pulsed high magneticfactort, calculated by referring to the ion radii obtained by
fields with a strength of 7.5 and/or 60 T at 4.2 K to the Shannorf> The results are shown in Fig. 9, where those
Gdy sSth MNnO; . Their results are shown in Fig. 8 with the obtained by other workers dRy sAq gMNO; (R=La, Pr, Nd,
dotted (7.5 T) and solid (60 T) curves. As seen from the Sm, Gd, Th, Y;A=Sr, Ca by now* "*"~19%qre also shown.
figure, the magnetization process is quite different whern the figure,Tco (open and closed squayé ¢ (open circle,
compared with each other, meaning that the magnetizatiohg (inverted open and closed triangléy (open trianglg
process of GglsSty MNO; depends on the strength of mag- @nd Tca (closed triangle represent charge-ordering, Curie,
netic field. Such behavior is not observed at temperature 208Pin-glass, Nel, and canted antiferromagnetic temperatures,
K, which is higher tharT, as shown in Fig. 8. These results respectively(closed zsymbols are of the present daté/e
suggest the magnetic state of 38, MnO; at 4.2 K has also ca_llcqlate:\d the= (a parameter corresponding to a ran-
several metastable states. This is consistent with the fact thdpm distribution of Mn-O-Mn bond anglg®f the present
the magnetic state of G@Sr, MnOs is spin-glass state, as and the other manganites and added in Fig(cd@sed sym-
mentioned before. bols are of the present data

From Figs. 9 and 10, we notice that the present
Ro.5Shh sMnO; (R=Gd, Dy, Ho, Ej, which are nearly the

IV. DISCUSSION

sl ' ) . same int values but different ino? values compared to
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FIG. 8. Magnetization curves of GgSrsMnOs, obtained un-

der magnetic fields of up to 60 and/or 7.5 T at 4.2 K and 60 T at FIG. 10. Variation ofo? vs t for the present and previous
200 K. Solid and dotted lines represent magnetization curves undé®, ;Ao sMnO; compounds. The correspondiAgsite cations are la-
magnetic fields of 60 and 8 T, respectively. beled on the graph.
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Lag <Ca sMnO3, show the electrical and magnetic transitionstransfer integrab decreases. Therefore, electrons tend to
different from those of the LgaCa, MnO; compound. That transfer from the itinerant state to the localized state with
is, RysSi sMnO; (R=Gd, Dy, Ho, Ej compounds show a decreasing, leading to an increase ifico, as seen in the
transition from a paramagnetic insulator to a spin-glass insufigure. From the viewpoint of tolerance factor, the behavior
lator while the Lg sCa, sMnO; compound shows a transition Of Tco againstt of the present Ca-doped compounds contra-
from a paramagnetic to a ferromagnetic insulator, and then tgicts with the above explanation; i.€[co of the present
a charge-ordering and, finally, to an antiferromagnetic insuCa-doped compounds decreases with decredsifigis con-
lator. This result clearly suggests that electronic and magtradiction is also explained by taking té in consideration.
netic properties depend not only bhut also ons?, whichis ~ That is, as known in Fig. 10, the” values of the present
suggested by Rodriguez-Martinez and Attfféldnd Damay Ca-doped compounds increase with decreasiBgcause of
et al'® Moreover, considering a large value of, it may be  the high value ofs?, the specimen is inhomogeneous elec-
quite reasonable thaR, S MnO; (R=Gd, Dy, Ho, Ej  tronically, as mentioned above. Therefore, a long-range
exhibits spin-glass states. The reason is that a large value eharge-ordered state comes to be difficult to realize, causing
o2 corresponds to a random distribution of the Mn-O-Mna decrease in charge-ordering temperature with decreasing
bond angles closely related to the transfer intdgeBonsid- ~ We also believe that the decreaseTig, with decreasing in
ering this randomness & we can speculate that the speci- the present Ca-doped compounds is related to the increase in
men is inhomogeneous magnetically, which consists of fere? with decreasing.
romagnetic region and antiferromagnetic region depending From the above results, we conclude that the variance
on the value of the transfer integralas suggested by Teresa (second momeibf the A-site ion radii distributiong?, also
et al® This situation is regarded as the spin-glass state, aglays an important role to determine the electronic and mag-
obtained in the present study. netic properties of manganites as well as tolerance factor

It is also noted in Fig. 9 that the behavior B, against
t of the present _Ca-doped compounds is quite dlfferer_lt from ACKNOWLEDGMENTS
that of the previous Ca-doped compounds. The relation be-
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