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Enhancement of ferromagnetism by decreasing tolerance factor in electron-doped manganites
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We investigate the origin of the anomalous enhancement of ferromagnetism with decreasing the tolerance
factor ¢ in Lag5_,Y,CaggsMnOs. The decrease of ¢ bends the Mn-O-Mn bond angles from 180°, which
weakens the antiferromagnetic (AFM) interaction and leads to the decrease of the monoclinic C-type AFM
phase transition temperature, as well as its phase fraction. This change reduces the effect of the shear strain on
the Jahn-Teller splitting of MnOg octahedra in the residual orthorhombic phase, which favors the development
of the Griffiths phase and thereby enhances the ferromagnetism at low temperatures. Our results provide strong
evidence that the effect of the coexisting AFM phase is the dominant factor determining the strength of the

ferromagnetism of slightly electron-doped manganites.
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It is known that magnetic and electronic properties of per-
ovskite manganites can be changed over a wide range by
varying the tolerance factor #.! A decrease of  enhances the
buckling effect and bends the Mn-O-Mn bond angles 6 from
180°, which decreases the effective e, electron hopping ki-
netic energy f.. When 7. becomes sufficiently small, the
electrons are strongly localized by the competing electron-
phonon interaction. The localization of the electrons is ad-
verse to the ferromagnetic (FM) interaction based on the
double-exchange (DE) mechanism. Therefore, the mangan-
ites tend to transform from a FM metallic state to an antifer-
romagnetic (AFM) insulated state with the decrease of 7.

This rule is well observed for hole- and half-doped
manganites.>> However, it cannot be applied to lightly
electron-doped manganites, where the ferromagnetism is dra-
matically enhanced and an insulator-metal (IM) transition
occurs with decreasing £.*® The unusual behavior in the
electron-doped manganites was initially observed in
Pry 13-,Sm,Ca, 3MnO;, for which the A-site ionic size mis-
match increases with decreasing ¢.* Since a larger A-site dis-
order may lead to an AFM state collapsing into a FM state or
a spin-cluster glass state,”!” the enhancement of the ferro-
magnetism is naturally attributed to the size mismatch effect.
However, more researches have exhibited that the ferro-
magnetism in the electron-doped manganites, such as
Gd0.0S(CaySrl_),)0'92Mn03 and SH]O'1Ca().g_ySI},MI’IO:;,6’7 iS
also enhanced with decreasing both ¢ and the size mismatch.
In addition, it was found that the Curie-Weiss temperature
(0) increases slightly and the AFM transition temperature Ty
decreases with decreasing ¢ in Sm, lCa0_9_ySryMnO3.7 Up to
now it is still unclear that how the variance of ¢ affects the
competing FM and AFM interactions in the paramagnetic
(PM) state in the electron-doped manganites and how the
effect causes the unusual behavior of the ferromagnetism at
low temperatures.

In this paper we found that in the electron-doped manga-
nites Laj5_,Y,CapgsMnOs, the monoclinic C-type AFM
(C-AFM) phase transition temperature Ty(C) gradually de-

1098-0121/2008/77(9)/094423(5)

094423-1

PACS number(s): 75.30.Kz, 75.30.Cr, 75.30.Et, 75.47.Lx

creases with increasing x, i.e., decreasing ¢, and is propor-
tional to {cos?@), which is described under the semicovalent-
exchange mechanism. Concomitantly, ® slightly increases
with increasing x, which suggests that the FM interaction in
the PM state is more strongly affected by the competing
AFM interaction rather than the electron bandwidth. Interest-
ingly, for 0=x=0.125 the residual orthorhombic phase is
distorted below Ty(C), arising from the shear strain because
of the lattice mismatch between the monoclinic and ortho-
rhombic phases. The distortion increases the Jahn-Teller (JT)
splitting of MnOg octahedra and thereby strongly suppresses
the FM interactions. The effect of the shear strain is reduced
with increasing x and vanishes at x=0.15, which favors the
development of the Griffiths phase and finally leads to the
enhancement of the ferromagnetism at low temperatures.

Ceramic samples of Lags_,Y,CaggsMnO;  with
0=x=0.15 were synthesized by a standard solid state reac-
tion method and finally sintered at 1300 °C for 24 h. Mag-
netization (M) was measured using a superconducting quan-
tum interference device magnetometer. Resistivity (p) was
measured using a standard four-probe technique. Synchro-
tron x-ray power diffraction (SXRPD) patterns at 300 K
were collected on the high resolution powder diffraction
beamline 8C2 (A=1.5496 A) of the Pohang Accelerator
Laboratory (Pohang, Korea). Normal power x-ray diffraction
(XRD) patterns between 80 K and 300 K were recorded by a
Bruker D8 Advance diffractometer with a Lynxeye detector
using Cu Ka radiation. Neutron powder diffraction (NPD)
patterns for x=0 and 0.15 were collected at various tempera-
tures at the Hanaro Neutron Diffraction Facility (Daejeon,
Korea). The SXRPD, XRD and NPD data were analyzed by
Rietveld refinement using the FULLPROF program.

Figure 1 shows the M (T) curves measured on warming
at magnetic field H=1 mT after field-cooling for
Laj5_,Y,CaygsMnO; with 0=x=0.15. For all samples be-
low 100 K the magnetization increases rapidly with decreas-
ing temperature, implying an appearance of FM components.
Interestingly, the magnetization at low temperatures in-
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FIG. 1. (Color online) M (T) curves measured at H=1 mT for
x=0, 0.05, 0.1, and 0.15. Inset: Inverse magnetization 1/M(T) for
x=0.15. The solid line indicates a Curie-Weiss behavior. The
C-AFM phase transition temperature Ty(C), the G-AFM phase
transition temperature Ty(G), and the characteristic temperature T
of the onset of Griffiths phase are indicated.

creases obviously with increasing x, which indicates the fer-
romagnetism is enhanced with decreasing . To understand
the unusual behavior, the origin of the FM components needs
to be clarified. For x=0 the peak around 170 K corresponds
to a C-AFM phase transition, which is accompanied by an
orthorhombic to monoclinic structural phase transition.!!!?
According to the phase diagram of electron-doped
(La,Ca)MnOs;, a G-type AFM (G-AFM) spin ordering de-
velops in the residual orthorhombic phase at 110 K.'? Simul-
taneously FM polarons form due to doped e, electrons hop-
ping in the G-AFM phase,'?!? leading to a sharp increase of
the magnetization at 110 K. As x is increased to 0.05, T(C)
moves toward lower temperatures while the G-AFM phase
transition temperature Ty(G), at which the magnetization in-
creases sharply, persists at 110 K. Our NPD data exhibit that
the G-AFM phase transitions of the x=0 and 0.15 samples
occur at about 110 K, implying that T(G) is independent on
x. However, it is found that for x=0.1 the magnetization
starts to increase rapidly above 120 K. As shown in the inset
of Fig. 1, the inverse susceptibility 1/M(T) for x=0.15 ex-
hibits a deviation from the Curie-Weiss behavior at 136 K.
This downtown behavior is characteristic of the Griffiths sin-
gularity, corresponding to the appearance of FM clusters in
the paramagnetic (PM) phase below the characteristic tem-
perature T;.'*"!° Moreover, from the linear fitting of the
high-temperature 1/M(T), the effective magnetic moment
Megr 1S estimated as 4.95up/Mn, which is larger than its the-
oretical counterpart (4.05uz/Mn), indicating the trace of FM
clusters with larger magnetic moments than the individual
magnetic ions.!® Therefore, the rapid increase of the magne-
tization above Ty(G) for x=0.1 arises from the growth of
FM clusters in the PM phase.

These magnetization data are summarized in the magnetic
phase diagram in Fig. 2. In addition, the x dependence of p at
20 K and the spontaneous magnetization M, t at 10 K are

PHYSICAL REVIEW B 77, 094423 (2008)

180
_ 0.6 10°
2 os |
é 04 10 g
160 - ;:0.09 'S
S o
0.00f o—0—o0-——o" 10"
— 0.00 0.05 0.10 0.15
Y* Concentration x
% 140 |
&~
120 | 7
7(G) v
OO U= o
v e
100 1 " 1 " 1 " 1
0.00 0.05 0.10 0.15
3 .
Y’" Concentration x
FIG. 2. (Color online) Phase diagram of the

Lag 5., Y Cay gsMnOs series with 0=x=0.15. Ty(C) for x=0.125
and 0.15 is determined from M (T) curves under H=5 T as the
rapid increase of the low-field magnetization covers up the C-AFM
transitions of the two samples. The Curie-Weiss temperature © is
determined from inverse susceptibility curves in the temperature
range between 200 and 400 K. The definitions of other transition
temperatures can be found in the text. Inset: p at 20 K and M 1 at
10 K as a function of x. M, 1 is determined by the linear extrapo-
lation of high-field part of M (H) curves at 10 K to H=0 T.

plotted in the inset of Fig. 2. For 0=x=0.075 M, t is from
the FM polarons in the G-AFM phase and hardly changeable
with x. With further increasing x, M, 1 starts to increase
obviously while the Griffiths phase appears, which means
that the enhancement of the ferromagnetism is associated
with the FM clusters appearing in the PM phase. Moreover,
Ty(C) decreases gradually with increasing x. It is noticed
that when T; is beyond Ty(C) at x close to 0.15, M, 1 ex-
hibits a sharp increase, which is accompanied by an IM tran-
sition. These results suggest that the strength of the ferro-
magnetism is strongly affected by the C-AFM phase.
Therefore, it is important to reveal the relationship between ¢
and the C-AFM phase.

The ¢ dependence of T)(C) in Fig. 2 is similar to those in
the single-valent Ca;_,Sr,MnO; and RMnO; (R=La, Pr, Nd,
and Sm) systems, which has been explained under the
semicovalent-exchange mechanism.?>?! According to the
semicovalent-exchange theory, the change of T, relates
primarily to the deviation of 6 from 180°, which
gives a linear relationship between Ty and (cos’6)
(=[cos?8,+2 cos?6,]/3). Here, 6, and 6, represent # along
the b axis and in the ac place, namely Mn-O;-Mn and
Mn-O,-Mn bond angles,? respectively. In order to obtain
structural information, we carried out Rietveld refinements
based on the SXRPD data at 300 K with the space group
Pnma. Figure 3(a) shows the evolution of the lattice param-
eters at 300 K with x. The a axis is less changed while the b
and c axes are obviously decreased with increasing x, indi-
cating the increase of lattice distortion. Since the concentra-
tion of Mn** ions is fixed in the Lag 5_, Y, Cay gsMnOj series,
the increasing lattice distortion arises from the enhanced
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FIG. 3. (Color online) (a) Lattice parameters and (b) bond
angles for Laj5_,Y,CajgsMnO5 as a function of x at 300 K.

buckling effect due to the smaller radius of Y** ions rather
than the JT effect.?2 Moreover, the structural transformation
from an O'- (a>c¢>b/\2) to O-type (a>b/\2>c¢) ortho-
rhombic symmetry around x=0.075 is a consequence of the
buckling effect.?* Under the buckling effect MnO, octahedra
are gradually tilted with decreasing #, leading to the deviation
of @ from 180°.52* The refined bond angles, 6,, 6, and their
average (6) are plotted in Fig. 3(b), from which the value of
(cos?6) can be estimated. As seen in the inset of Fig. 3(b),
Ty(C) shows a linear relationship with {(cos?6), in accor-
dance with the semicovalent-exchange mechanism. This pro-
vides strong evidence that the decrease of Ty(C) arises from
the reduced o-bonding overlap integral due to the tilting of
MnOjg octahedra.?!

From a viewpoint of DE, the tilting of MnOg octahedra
also disfavors the FM interaction in manganites. However,
since in our system the concentration of Mn?* ions is fairly
low, the AFM interaction between Mn** ions remains domi-
nant. Therefore, the FM interaction is also strongly affected
by the competitive AFM interaction, which is weakened with
the decrease of ¢. In Fig. 2 O increases lightly with increas-
ing x. For other electron-doped manganites, ® exhibits simi-
lar t dependence.” These results suggest that the direct effect
of the electron bandwidth on the FM interaction is a minor
scenario in slightly electron-doped manganites, whereas the
AFM interaction plays a more important role in determining
the strength of the FM interaction.

However, as compared with the slight increase of ®, M, ¢
exhibits complex and strong dependence on x. In particular,
M, 1 increases sharply at x close to 0.15. The evolution of
the ferromagnetism at low temperatures with x cannot be
explained by the strength of the FM coupling at high tem-
peratures. It should be mentioned that the ferromagnetism is
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FIG. 4. Temperature dependence of the lattice distortion index
AD% of the orthorhombic phase (deduced from normal powder
XRD). The vertical dash lines are plotted at 85 and 120 K for the
convenience of comparing the evolution of lattice distortions with
temperature and doping.

developed in the orthorhombic phase as the monoclinic
phase only includes the C-AFM spin ordering.'> From the
results of Rietveld refinements of the XRD and NPD data at
various temperatures, it is found that for 0=x=0.125 the a
and c axes of the residual orthorhombic phase are elongated
and the b axis is compressed below Ty(C), whereas for
x=0.15 there is not any anomaly in the lattice parameters of
the orthorhombic phase across Ty(C). Therefore, the strength
of the ferromagnetism is related to the lattice distortion of
the orthorhombic phase below Tx(C). The lattice anomaly
occurring at Ty(C) exhibits a relationship between the lattice
distortion and the monoclinic C-AFM phase. As compared
with those of the original orthorhombic phase, the mono-
clinic phase has longer a and ¢ axes and a shorter b axis, due
to e, electrons occupying the d32_ . orbitals in the ac
plane.'? So the increasing lattice distortion of the orthorhom-
bic phase is induced by the shear strain because of the lattice
mismatch between the orthorhombic and monoclinic phases,
which is similar to that in manganite films.>> Such a lattice
distortion increases the JT splitting and thereby promotes the
localization of e, electrons, which strongly suppresses the
FM interaction.!%6

In manganites the lattice distortion index D is given by
D=3|a;—al/3a_ [where a;=a, a,=b/\2, ay=c, and
a=(aXbXc/2)"*].27 Based on the normal XRD data, the
reduced lattice distortion AD(T) [=D(T)-D(300 K)] of the
orthorhombic phase is plotted in Fig. 4. Generally the lattice
distortion is related to two factors, i.e., the buckling effect
and the JT effect.! The high resolution NPD data for the
samples with x=0 and 0.15 were employed to investigate the
details of these two factors. Figure 5 typically shows the
refinement of patterns at 90 K. The monoclinic and ortho-
rhombic phases, as well as the corresponding C-AFM and
G-AFM phases, respectively, were included in the refine-
ments. Besides, an orthorhombic FM phase, which is absent
in x=0, should be taken into account for x=0.15. The mono-
clinic fraction is found to decrease from 84.94% for x=0 to
57.1% for x=0.15 at 90 K. This suggests that the ferromag-
netism in the present system is strongly influenced by the
coexisting C-AFM monoclinic phase, consistent with the re-
sult of the magnetization measurement discussed above (Fig.
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FIG. 5. (Color online) Rietveld refinements of neutron diffrac-
tion data at 90 K for x=0 and 0.15 using the Fullprof program. The
observed (obs), calculated (calc) patterns and the difference be-
tween them (obs-calc) are plotted. The vertical bars show the Bragg
peak positions.

2). The magnitude of JT distortion in orthorhombic phase
can be estimated by &= \/ %Ei[(Mn-O)i—(Mn-Oﬂz, where
(Mn-0); and (Mn-O) represent the ith bond length of a
MnOg octahedron and the average bond length,
respectively.?® According to the bond length obtained by the
refinement of NPD data, the temperature dependences of &yp
is displayed in Fig. 6(a). At low temperatures & is enhanced
significantly for x=0, while slightly increased for x=0.15.
This trend is similar to that of AD (7) in Fig. 4. While at
room temperature, JT distortion is weak in both samples. On
the other hand, as displayed by Fig. 6(b), the average bond
angle (6) (the buckling of MnOg octahedra) is less
temperature-dependent than &yp. Furthermore, as proved by
Fig. 3, the buckling of MnOg octahedra accounts for the
lattice distortion at 300 K, D(300 K). Thus the increase of
AD(T) at low temperatures is associated with the JT effect
since the contribution from buckling effect is deducted. As a
result, with increasing Y3* concentration, the monoclinic
fraction decreases, so does the shear strain effect on the re-
sidual orthorhombic phase. This change will induce a reduc-
tion of lattice (JT) distortion in the orthorhombic phase, fa-
voring the DE ferromagnetism.

Based on the dependences of lattice distortion on tem-
perature and Y>* concentration, the various low-temperature
magnetic behaviors can be readily understood. Figure 4
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FIG. 6. (Color online) (a) Temperature dependent JT distortion
and (b) average Mn-O-Mn bond angle (6) (b) for the orthorhombic
phase in Laj 5_, Y, CaygsMnO; with x=0 and 0.15. Solid lines are
guidance for eyes.

shows three different situations at 85 and 120 K slightly
higher than ®, which correspond to three kinds of behavior
in Fig. 1 and Fig. 2, respectively. (1) For x=0 and 0.05, AD
starts to increase at temperature much higher than ® and
reaches a larger value at 120 K, where the large JT splitting
completely suppresses the FM interaction. Therefore, the
samples with 0 =x=0.75 do not exhibit any FM character-
istic above Ty(G). The weak ferromagnetism at low tempera-
tures only comes from the FM polarons in the G-AFM phase.
(2) For x=0.1 and 0.125 AD, i.e., the JT splitting, is not very
large at 120 K and thereby the Griffiths phase appears above
O. But with further decreasing temperature, the increase of
the JT splitting prevents the Griffiths phase from further
growing. Therefore, M, t at 10 K obviously increases but
still persists in fairly low values. (3) For x=0.15 the Griffiths
phase can successfully evolve into a long-range FM state
since ® becomes even higher than Ty(G). The preexistent
FM phase partially prevents the growth of the monoclinic
phase, which becomes a minor phase at low temperatures.
The shear strain is not large enough to distort the orthorhom-
bic phase. As a result, the development of the long-range FM
spin ordering leads to the sharp increase of M 1 as well as
the IM transition, as seen in the inset of Fig. 2.

In conclusion, the ferromagnetism at low temperatures in
Laj5-, Y, CapgsMnO;3 strongly depends on the evolution
process of the JT splitting in the orthorhombic phase, which
arises from the shear strain because of the lattice mismatch
between the orthorhombic and monoclinic C-AFM phases.
Moreover, the strength of the FM interaction at high tem-
peratures is more sensitive to the AFM interaction. These
results suggest that the coexisting AFM phase as well as the
competing AFM interaction plays key roles in determining
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the magnetic properties of slightly electron-doped manga-
nites.
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