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Size mismatch: A crucial factor for generating a spin-glass insulator in manganites
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The structural, electronic, and magnetic properties of the highly mismatched perovskite oxides,
Tho 3580 69MINO3, whereA is for the alkaline earth divalent catiofGa, Ba, S), which are all characterized by
the same large tolerance factdr=0.934), have been investigated by using electron microscopy, electrical
resistivity, magnetic susceptibility, and magnetization. It is clearly established that a transition from ferromag-
netic metallic towards spin-glass insulator samples is induced & ¢ite cationic size mismatch is increased.
Moreover, the magnetoresistan@®R) properties of these manganites are strongly reduced for the spin-glass
insulators, demonstrating that tiAesite cationic disorder is detrimental for the colossal MR properties. Based
on these results, a new electronic and magnetic diagram is established that showsAtsitethikisorder, rather
than theA-site average cationic siZer t) is the relevant factor for generating spin-glass insulating manganites.
[S0163-18209)01746-4

. INTRODUCTION significantly **°for a constantr ,) value.
The role of these two factors for the appearance of the
The numerous investigations of colossal magnetoresisSGl state is to date not well defined, in contrast to the FMM
tance(CMR) in manganites showed, beside this property, thestate. On the basis of the results obtained by the different
existence of spin-glass insulat@GI) behavior for particular  authors, it was observed that SGI appears below a certain
CompOSitionS. One of the first exampleS of SGI was diSCOV'(rA> (or t) value. Unfortunate|y, the previous data do not
ered in the (L& Th),sCaMNO; manganites by Ibarra aliow us to separate the role of the two parameterg) and
etal™™ for x ranging from 0.25 to 0.85. The?, a similar ;2 oyr belief is that, size mismatch, since it introduces local
phenomenon was observed for f5g5rio s MnO;” and for  gisiortion and consequently a great variation of the Mn-
(La,Y); ,CaMnO; manganite$, with X ranging from 0'25.’ O-Mn angles, should be a prominent factor for the appear-
to 050. In a recent study of the manganites,, o of spin-glass behavior, rather than the small average
%;g?%ﬁ:ag’;ﬂ&gﬁ 059%;""&5 also observed for tolerance size of theA cations. Such an assumption suggests that SGI
o should be obtained for largér ) values, even if the latter

It is now well established that for a given hole concentra- .
tion, the magnetic phase diagrams of the manganites arg?nd to favor the FMM state, provided largé values be

above all, determined by two factors, the average size of th@VOIVed' Taking mto conS|derat|on_ tzgﬁ manganites
A-site cation of these perovskite oxidds,), and the size -No.#A03VMnQs for which SGI were obtained," we have

mismatch at theé-site represented by the varianed. The !nvestigated.the possibility to synthes!ze spiq—glass in;ulat-
first factor, represented bir 5} or sometimes by the toler- INg Manganites for largefr,) values, increasing the mis-
ance factort of the perovskite, influences the Mn-O-Mn match of the_A—srte cations. We present herein, the study of
bond angles, and thus modifies the transfer integwadf e,  the highly mismatched series JiAoeMnO;, whereA rep-
electron hopping from M# to Mn**. Taking into consider- resents alkaline earth catio(Ba, Ca, S). In these mangan-
ation the double-exchange mechanistesponsible for the ites, which have the same hole concentration as the
appearance of the ferromagnetic metallic sté&&M) in Lng A0 2MnO; oxides, the(r ») value is maintained constant
these systems, it clearly appears thahcreases aér,) in-  at a high value of 0.1255 niti.e., (r ) of NdyBay;MnOy)
creases, broadening the bandwidi), and consequently by varying the nature and ratio of tifecations.o varies in

the Curie temperaturel) increases, as shown, for instance, a large range and can reach high values due to the small size
for Lng 7Aq MNnO; manganites:*2 The variance, introduced of Th** compared to divaler cations (BA", SP*, C&*).

by Rodriguez-Martinez and Attfieff, defined as o  From the (T¢ or T,,0?) phase diagram, we demonstrate that
=2y1ri2—<ri)2, wherey; andr; are the fractional occupan- in spite of the large cationié site, a SGI state replaces the
cies and ionic radii of the cations, also strongly affect&. . FMM state when theA-site size mismatch is sufficiently
As o increases, local distortions are induced that redyce high, i.e.,0?=2.2 10 % nn?.
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Il. EXPERIMENT TABLE I. ¢? and A contents (xy,2 for the

. s . Thg 35(Ba,Sr,Ca,)MnO; series.
For the present investigation nine samples have been pre- 03dBaS,Ca) *

pared by mixing the adequate amounts of Th®™nO,, x(Ba) y(SD 2(Ca) 02X 10" (nn?)
CaO, SrCQ and BaCQ to satisfy the ratio
Mn3*/Mn**=0.7 and the average cationid site (r,) 0.138 0.512 0 1.74
=0.1255 nm. The powders were heated in air for 12 h at 0.16 0.463 0.027 1.84
1000°C. The calcined mixtures were reground, pressed in 0.18 0.419 0.051 1.96
the form of bars, which were sintered in air at 1200°C and 0.20 0.374 0.076 2.00
then at 1500 °C for 12 h with a slow cooling until 800 °C. 0.22 0.329 0.101 2.12
X-ray diffraction powder data, collected in thé eange of 0.24 0.285 0.125 2.20
10-90 ° with a step size from 0.02°, confirm the monophasic 0.26 0.24 0.15 2.30
character of the perovskite structure for each sample. The 0.30 0.15 0.20 2.47
cell parameters, refined from these records, lead to a nearly .3675 0 0.2825 2.80

constant cell volume in agreement with the constamy)
value. The cationic compositions determined by energy dis-

persive spectroscopy are close to the nominal ones. lodomedtrate that the insulator to metédlM) transition can be
ric titrations evidence an oxygen content of, @hatever the  suppressed by increasing® beyond a certain valueof
cationic composition. The electron diffracti¢ED) investi-  >2.12x< 10”4 nn?), although(r ») is high and remains con-
gation was carried out at room temperature with a JEOL 208tant for all the serie§0.1255 nn). Correlatively for lower
CX electron microscope, the reconstruction of the reciprocab? values @?<2.12< 10”4 nn?), the transition temperature
space being made by tilting around the crystallographic axesT,,, decreases rapidly as? increases, from 150 K foo?

High resolution electron microscopy stuyREM) was car- =1.84x10 *nm? to 50 K for ¢2=2.12<10 *nn?,
ried out with a TOPCON 002B electron microscof#00  whereas the resistivityteb K increases dramatically from
kV, C&=0.4mm). 3%x10?Qcm to 3x10* Qcm, respectively. The combined

Resistivity (p) was obtained from the standard four-probe decrease of , and increase ofsx can easily be explained
method on bars of typical dimensions 10 mrh5 by a weakening of the ferromagnetic metal(eMM) state
mmx 1 mm. The indium contacts were ultrasonically depos-as ¢? increases, which finally disappears foo?
ited on one face of the bar and then connected to the sampte2.12x 10" *nm? This statement, based on the double-
holder via copper wires. The temperatuf® or magnetic exchange scenario, is strongly supported by the ac suscepti-
field (H) dependent resistivityp) measurements were col- bility curves y’(T) [Fig. 20)]. One indeed observes that for
lected with a quantum design physical properties measurdew mismatch values, i.eq?<2.00x 10~ 4 nn?, the curves
ments system allowing andH variations in between 5-400 are characteristic of a good ferromagnet, so that the classical
K and 0-7 T, respectively. Magnetization measurement$MM state is obtained, whereas for larger mismatch, i.e.,
were performed with a magnetometer from quantum desigi-2=2.00x 10~ % nn?, curves with one or two maxima, in-
within a 5 Tmaximum magnetic field value. Alternative cur-
rent (ac susceptibility(y) as a function ofT was collected
with a Lake-Shore 7000 susceptometer and an ac/dc super
conducting quantum interference device magnetometer by
using ac magnetic fields in the range 3—10 Oe and frequen-
cies varying between 1 and 1 kHz without applying a dc
magnetic field.

Ill. RESULTS

The samples from this ThsAg 6MnO5 series differ only
by their A-site size mismatch and consequently will be la-
beled in the present paper by theif value, which varies
from 1.74< 10" % nn? to 2.80< 10 % nn? (Table ). The high
crystalline quality of these pure samples is only shown for
the more mismatched one. Thgl0] and[111] ED patterns
of Figs. a) and Xb), respectively, evidence an I-type lat-
tice. The sharp spots indicate the good crystallinity of the
samples, while the absence of extra reflections and/or diffuse
streaks suggests the absence of long- or short-range orderin
phenomena. This was confirmed by the HREM study. Along
all viewing directions, the HREM images exhibit a very
regular contrasfFig. 1(c)], characteristic of the perovskite-
related structures. FIG. 1. [010] (a) and[111] (b) electron diffraction patterns of

The p(T) curves of these manganitgBig. 2@)], regis-  Thy 3Bay 367 2620MN0O; (2=2.80x 10" * nm?). Corresponding
tered on cooling in the absence of magnetic field, demonhigh resolution imagéc).
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,,\ : curves show a cusffrig. 3), suggesting a spin-glass insulator
(SGI) behavior, owing to the great similarity with the curves
reported for the SGI (La,Th)Ca MnO; (Refs. 1-3 and
(La,Y)sCa sMnO; (Ref. 5 on the basis of SANS data,

] magnetization and aging experiments. The temperdty(g

is for “glass”) of the y’ maximum decreases as’ in-

creases. More importantly, it must be emphasized that as
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[Fig. 2(@)]. The remaining ferromagnetic interactions, if any,

are at sufficiently short range to hinder any kind of charge
delocalization in the absence of magnetic field. This is cor-
roborated by the isothermal field dependent magnetization

FIG. 2. (a) T-dependent resistivityp) of the Thy35A¢6MNO;
samples registered in the absence of magnetic fiflek. 10* (nn¥)
values are labeled on the gragh) T-dependent real part of the ac
susceptibility ') for the Th) 35A6MNO; samples(10 Oe andf
=133 Hz). The solid vertical arrows indicate the inflection points
determiningT.. Dashed vertical arrows indicate th@ minimum
temperature, which correspond to thenaximum on(a).

(M) measurements collected at 10(Kig. 4). For composi-
tions with an IM transition and an gg-curve characteristic

of a ferromagnetillustrated foro?=1.96x 10" % nn¥ in Fig.

4), a saturated magnetization abovd T, corresponding to
3.7ug per manganese, as expected from the formula, is ob-
tained together with a very small hysteresis in the zero field
vicinity, as in soft ferromagnets. On the opposite, samples

characterized by ag-curve with a cusp do not show any

dicative of unconventional ferromagnetism, are obtainedSaturation evemis T (o

Clearly, the existence of double peaks on jHéT) curves
for samples witho>=2.00x 10" “nn? and 2.1 10 * nn?
strongly suggests the presence of ferromagnetic finite-size
clusters for these compositions, as already probed for highly
A-site mismatched (La,Th)CaMnO; manganites by
small angle neutron scatteringANS).> Note that for our
two samples,T,, deduced from the(T) curves does not
coincide withT. deduced from the derivative maximum on
the x' (T) curves|see vertical solid arrows on Fig(l2], but
rather with the minimum located between the two maxima
(dashed arrows Thus for these compositions, long-range
ferromagnetism disappears and consequently hinders metal-
licity, leading to high resistivity at 5 K. The existence of
local atomic disorder introduced by thecations size mis-
match, affecting the FMM state installation, also strongly
modifies the resistivity in the paramagnetic metallic insulat-
ing (PMI) region. A clear increase Qfggg  With o2 is ob-
served on Fig. @), emphasizing the effect of local disorder
on the carriers scattering.

For higher mismatchp?>2.12x10 “nn?, the x'(T)

2=2.20x10 *nn? in Fig. 4), and
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FIG. 4. H-dependent magnetizatidiM) curves registered at 10

K. 1 and 2 are for the increasing and decreasing branches, respec-
tively.
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T( K) toresistance effect is obtained as shown from the comparison

of p(T) curves registered on cooling in 07 T for o

- —4 i
FIG. 5. Real party'(T) (top panel and imaginary park”(T) =2.12<10" *nn? [F'g_' 7b)]. . .

(low pane) of the ac susceptibility for the sample with? It must also be pointed out that in the mismatched man-

=2.47x10~* nn? registered with the four frequencies labeled on 9anites, there exists a low field magnetoresistance as re-

the graph h,.=3 Oe). The arrows indicate the increasing frequen-lDorted for N@BayMnO; (Ref. 1§ (same(r,) value,
cies. 0.1255 nm, andr?=1.98x10 *nn?) studied in both ce-

ramic and single-crystal forms and which has been ascribed
the M(H) curves are strongly hysteretic. Moreover, the firstto the presence of strains in grain boundaries. This kind of
magnetization curve exhibits aéshape, which is character- behavior is also encountered in these Th-based polycrystal-
istic of the spin-glass-like behavior. line samplegFig. 7(c) for the 0?=1.74x 10" % nn? samplé,

In order to confirm the spin-glass state, whose cusp on ththe isothermap(H) curve showing first an abrupt decrease
x'(T) curve is related to relaxation phenomewa(T) and  of resistivity below 0.1 T and a less rapid regime above.
X" (T) curves have been registered for four frequencies covThus, the first regime at low field originates at the interfaces
ering three decades, for a highly mismatched compound withetween grains and it has been interpreted as tunneling
0?=2.47x10"* nn? (Fig. 5. TheT increase witlf is char- magnetoresistance.
acteristic of the spin-glass state and is usually estimated from
the quantityK,"® K=AT, /T A(logyof), whereA refers to
difference. By takingT4 on the x'(T) curves or from the
inflection points on right part of thg”(T) curves of Fig. 5, The present investigation of highly mismatched mangan-
one obtaing =1.1x 10 2, which is an expected value for a ites, with rather a higKr ») value(or high tolerance factay,
typical spin glass, if one refers to the valués=5.0 shows that thes? variance is the crucial parameter that
X103, 1.8x10 2, and 1.0<10 2 for CuMn, NiMn, and governs the appearance of the SGI state. In other words,
Ho,Mn,0,, respectively!®'” The spin-glass state of this for this hole concentration, previously studied for
thorium-based manganite is also confirmed from dc magnethe oxides (La,Dy), Cay gMNn0O5,° (La,Pig ACaaMnOs,°
tization measurements, registered on warming in 10 Oe an@.a, Th)g -Cay sMnOs, 12 and (La,Y),_,CaMnOs,” the toler-

100 Oe upon field coolin¢FC) and after a zero-field cooling ance factort, or the(r,) value, cannot be considered as a

IV. DISCUSSION

(ZFC) processgFig. 6), which clearly show a branching @,  limiting parameter for the appearance of spin glass. Thus the
of the FC and ZFC data, FC branches being rather flat belowritical value of t=0.907, above which SGI does not
T4 as usually observed for a Sé. appeaf, cannot be retained as a criterion for all the manga-

These magnetic and transport measurements clearly estatites with the same hole concentration, since SGI is obtained
lish that a FMM-to-SGlI transition appears a$ increases, herein fort=0.934. The difficulty of interpretation of the
(ra) and hole concentration being constant. The relationprevious resulfs*® comes from the fact that in these man-
ships between the CMR properties, magnetic statesoand ganites, which have the same hole concentration, both
have also been studied. A clear correlation with the FMM/(or t) and o2 vary simultaneously, so that the relative influ-
SGl transition is evidenced. As soon as a cusp appears on tleaice of the two factors could not be established.
ac-y’ curves, characterizing the SGI state, a magnetic field of From the present observations, it appears clearly that
7 T is no more sufficient to restore a FMM state as showrphase diagramsT{ or T¢ vs a?) have to be established for
from Fig. 7(a) for the sample withr?=2.30x10 “nn?. In  each series of manganites keepimg) and hole concentra-
contrast, even for compounds exhibiting an incomplete IMtion constant. Such a diagram is shown in Fig. 8 for
transition in the absence of magnetic field, a large magnefhy 35 egMnO; manganites with({r ,)=0.1255nm (or t
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10% FIG. 8. Electronic and magnetic diagram established for the
Thg 35A0.68MN0O; series: T (@) and Ty (O) as a function of the
10° varianceo?. The boundary between the SGI and FMM regions is
N . .
- symbolized by the dotted line.
6102
N
1 .
Q10 the FMM state is replaced by the SGI stator o?
0 =2.20<10 % nm?), and Ty, which separates the SGI and
10 PMI states, decreases only slightly.
107! Based on these results, it appears most probable that SGI

will be defavored for too small{r,) values in the
LNng 70A0.3gMNO3 compounds, due to the fact that wh@m,)
(b) T(K) becomes smaller, we can only get smafl values. This
statement is supported by the magnetic properties of the
manganite Dy Ca, sMnOs, which does not exhibit a cusp on
its x' (T) curve(Fig. 9 in spite of its(r 4} value smaller than
that of the SGI LgsDyp 3:Ca sMnO; (Fig. 9). This result is
thus in agreement with the weakarsite cationic size mis-
match of the former.

The spin-glass insulating state inducedAgite cationic
size disordering differs thus from the magnetic behavior re-
ported for the LgsSK, sCoO; cobaltite and thd3-site substi-

p(H)/p(0)

0.6 tuted Lg;SrpaMn;_,C00O; manganites for which the
0.5 T T T T T T T
0.4 b . s s 0.008
0 20000 40000 60000
N
© H(QCe) ~
| 5»0.006
FIG. 7. p(T) curves registered upon cooling in zero fiéll and 5
in 7 T for the samples characterized by¥=2.30x10 % nn? (a) =
ando?=2.12x 10 * nn? (b). (c) p(H)/p(0) curve registered at 50 o 0.004 -
K for the compound ofo?=1.74x 10 * nn? (1 and 2 are for the ~
ascending and decreasing branches, respectively =<
0.002 |
=0.934). Thex axis has been intentionally inverted to
obtain a diagram that mimics theT{ or Tc vs t) one 0.000 Lvees . . . . —
reported  previously  for (La,Th)yCqMnO; and """0 20 40 60 B0 100 120 140
(La,Dy) [Ca MNO; systems>° Similarly, three different T(K)
regions—PMI, FMM, and SGl—can be distinguished. Note
the spectacular decrease f from 150 K to 70 K, corre- FIG. 9. x'(T) curves of Dy;-Ca, sMnO; [(r 4)=0.1120 nm and

sponding to the FMM-PMI transition, due to the ond  2=1.97x10 °nn?] (@ and Dy, adayCaMnO; [(ra)
increase, in agreement with the results reported by=0.1158 nm ando?=3.29<10 °nn?] (b). h,c=10 Oe andf
Rodriguez-Martinez and Attfieltf. By increasingo? further, =133 Hz.
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cluster-glass state is believed to result from ferromagneti€onsequently, the resulting random magnetic anisotropy is
dilution.?°=22 The origin of magnetic frustration in the probably the responsible mechanism for the frustration.
present SG insulators is more probably connected with the
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