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Influence of Ce substitution on structure, magnetism, and transport
in Prys_.Ce, CaysMnOj; (0.03=<x=<0.20): From metamagnetism to a spin-glass state
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We have studied the structural, magnetic,

and transport properties

of Pry;s_,Ce,CaysMnO;

(0.03=<x=0.20) manganite system. The Ce substitution is found to induce significant modifications in these
properties due to the cation disorder and size effects. With increasing Ce substitution, the structure (space
group, Pnma) evolves from O’ (h/\2 < ¢ <a) orthorhombic to a quasitetragonal (b/ 2=~c<a) symmetry. The
low Ce substitution (x=0.03 and 0.05) induces successive sharp metamagnetic transitions at low temperatures,
whereas a spin-glass-like state emerges with further substitution (x=0.10, 0.15, and 0.20). A colossal magne-
toresistance is observed in the spin-glass-like state on application of high magnetic fields.
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I. INTRODUCTION

The ABO;-type perovskite manganites display complex
properties arising due to the lattice, magnetic, and charge
degrees of freedom.!~> These manganites have been studied
extensively for their magnetic and electronic properties in
relation to the parameters like average A-site cationic radius
((ry)), A-site cation size disorder (¢?), and structural
distortion.'* These parameters influence the magnetic tran-
sitions, metal-insulator transition and charge-ordering transi-
tion. Moreover, the external parameters, such as the magnetic
field® and laser or x-ray exposure®?® are found to induce
structural, magnetic, and/or electronic phase transitions in
some manganites.

Half-doped manganite systems such as LajsCaysMnOs,
Nd, 5Cag sMnO3, and Nd, 551 sMnO5 show a charge-ordered
state at low temperatures. Half-doped Pr,sCaysMnO; is a
charge exchange (CE) type antiferromagnetic (AF) system
with charge-ordering? which can be melted by the applica-
tion of a strong magnetic field (25 T at 4 K) and the system
shows a metamagnetic transition (MMT).” Interestingly, Mn-
site substitution drastically reduces the critical field (H,) re-
quired for MMT and induces successive sharp MMTs in this
system at low temperatures.!® Recently it is found that the
A-site substitution also induces similar successive sharp
MMTs in the charge-ordered systems.!!'> The sharp MMTs
have been explained as a result of competing magnetic
phases and phase separation in manganites.'>!* A phase-
separated ground state evolves at low temperatures where
ferromagnetic domains manifest within an antiferromagnetic
matrix. The antiferromagnetic and ferromagnetic phases
have different crystallographic structures, giving rise to a
strain in the phase-separated state of manganites. The lattice
degrees of freedom allow the phase-separated ground state to
get accommodated, albeit with a strain. An external param-
eter such as the magnetic field may perturb the energy bal-
ance and induce a ferromagnetic state, where the strain could
play a role to influence a sharp MMT. The simulation studies
show that the disorder also influences phase separation in the
manganites.'>!® As studied theoretically by Aliaga et al., \’
the fragility of a CE phase increases with disorder and may
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result in a glassy state at low temperatures. Recently, it is
experimentally observed that the random potential originat-
ing due to the A-site disorder entirely suppresses the long-
range order and gives rise to a spin-glass state in small band-
width systems below 50 K.'® Furthermore, it is found that the
quenched disorder affects the long-range ordered CE state
more than the ferromagnetic state.!”

The CE-type antiferromagnetic Pr, sCay sMnO;5 has negli-
gible ¢ due to a similar size of Pr*(1.126 A) and
Ca**(1.12 A) ions. With a prime objective to investigate
the Ce substitution effects on structural, magnetic, and trans-
port properties in the context of varying ¢ and (r,), we
have synthesized and studied Prys_,Ce,CaysMnO; (0.03
<x=0.20) compounds. The half-doped Pr,s_,Ce,Sr, sMnO5
system is reported with trivalent state of Ce,!” whereas in
many other manganites, Ce has 4+ valency.?>?> Any change
in the average valency of A-site cations consequently modi-
fies the valency of magnetic Mn ions in the perovskite man-
ganites, which in turn modifies the properties of the system.
Thus, apart from (r,) and o” effects, it is also interesting to
investigate the valency of Ce in PrjsCaysMnO5 system.

In this paper, the compounds are encoded as “PrCe—x%”
for the Pry5_,Ce,CaysMnO; system.

II. EXPERIMENT

The Prj5_,Ce,CaysMnO; (x=0, 0.03, 0.05, 0.10, 0.15,
and 0.20) compounds were synthesized by the conventional
solid state reaction method. High purity (>99.9%) powders
of PrgO4;,Ce0,,CaCO;, and MnO, were mixed and ground
in stoichiometric proportions. Several heating in the tem-
perature range of 950-1150 °C were performed with inter-
mediate grindings and the pelletized samples were finally
sintered at 1350 °C for 24 h. The x-ray diffraction (XRD)
data were recorded using a powder diffractometer (X’pert).
The magnetization measurements were performed using a
vibrating sample magnetometer (Oxford Instruments) and a
superconducting quantum interference device magnetometer
(Quantum Design). Magnetoresistance is measured up to an
applied magnetic field of 14 T in the range of 2-300 K, using
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FIG. 1. XRD  patterns  for  Prys_,Ce,CaysMnO;
(0=x=0.20) with Rietveld fitting. The circles show observed data,
the line shows the calculated fit, the Bragg reflections are shown by
tics below the patterns, and the difference between the observed
data and the calculated pattern is shown by lines below the tics.

the physical property measurement system (Quantum
Design).

III. RESULTS AND DISCUSSION
A. Structure

The crystal structure of the system is investigated by
Rietveld analysis (using the FULLPROF program code) of
XRD data. The Rietveld analysis shows that these com-
pounds form in a single phase orthorhombic symmetry with
space group: Pnma (No. 62). Figure 1 displays Rietveld fit-
ted XRD patterns of three compounds (x=0, 0.05, and 0.20).
The XRD peaks split up on substitution of Ce and the split-
ting increases with x. This may indicate a structural transi-
tion from orthorhombic to a monoclinic phase. Also, an
orthorhombic to a monoclinic phase transition is earlier ob-
served due to Ce substitution in manganites.”’ However, we
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FIG. 2. Variations in lattice parameters and unit cell volume
with x in Pro_S_XCexCaOASMnO_g (0$X$020)

find that the XRD data of our system do not fit well with the
monoclinic symmetry. We have also explored the possibility
of a mixed (orthorhombic and monoclinic) phase, but we
obtained the best Rietveld fitted patterns for the orthorhom-
bic symmetry. Table I lists the lattice parameters, bond
angles, and bond lengths obtained from Rietveld refinements
for the Pnma space group. We find that the lattice parameters
and unit cell volume vary nonmonotonically with increasing
Ce substitution (Fig. 2). Generally, several types of structural
distortion are observed in the orthorhombic manganites, like
0 (b/\2 c~a), O"(c=za~ b/\Z) and O’ (b/\2<c<a)
in different temperature regimes. As is evident from Fig. 2,
these samples show a transition from O’(b/ V2<c<a)
orthorhombic to a quasitetragonal (b/\2=~c<a) symmetry
with increasing x. The transformation in the structural sym-
metry, where lattice parameter “a” increases and parameters
“b” and “c” decrease, readily explains the splitting in XRD
peaks. The unit cell volume rises with x and varies linearly
for x=0.05. The Mn-O(1)-Mn bond angle decreases up to
x=0.05, then it shows a jump at x=0.10, and again continues
to rapidly decrease with further substituion. It is interesting
to note that, while the Mn—O(1)-Mn bond angle is decreas-
ing, the bond length is increasing showing a drop at x
=0.10. It indicates that there is a correspondence in variation
of Mn-O(1)-Mn bond angle with the bond length. We at-
tribute the drastic change in bond angle and bond length at
x=0.10 to the structural transition in this system. Although
the Mn—-O(2)-Mn bond angle and average Mn-O(2) bond
length do not vary systematically with x, the following cor-

TABLE 1. Lattice parameters, unit cell volume, bond angles, bond lengths, average A-site cation radius ({r,)) and A-site cation disorder

(0?) for Prys_,Ce,CaysMnO; compounds.

X a b c Unit cell volume Mn-O(1)-Mn Mn-O(1) Mn-O(2)-Mn (Mn-O(2)) (rs) o>
A A A (A ) (A) ) (A) (A)  (107°A?)

0 5.403(1) 7.604(1) 5.392(1) 221.5(1) 169.2(2) 1.909(5) 163.4(7) 1.929(20)  1.123 0.009
0.03 5.416(1) 7.621(1) 5.397(1) 222.7(1) 168.7(4) 1.914(2) 153.8(7) 1.963(17) 1.118 0.69
0.05 5.420(1) 7.628(1) 5.396(1) 223.1(1) 165.7(2) 1.922(5) 155.5(6) 1.957(14) 1.115 1.11
0.1 5.438(1) 7.622(1) 5.393(1) 223.5(1) 170.7(1) 1.912(3) 157.8(8) 1.950(21)  1.107 2.11
0.15 5.456(1) 7.617(1) 5.387(1) 223.9(1) 166.2(1) 1.918(2) 150.5(4) 1.983(10)  1.099 2.97
0.2 5.493(1) 7.598(1) 5.378(1) 224.4(1) 145.2(2) 1.991(7) 156.8(5) 1.962(13)  1.092 3.72
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relation is observed. With an increase in the Mn—-O(2)-Mn
bond angle, there is a simultaneous decrease in the average
Mn-O(2)-Mn bond length and vice versa. These variations
of bond angles are not expected if smaller ions (Pr’*) are
replaced by larger ions (Ce**). However, the nonconforming
variations of bond angles and bond lengths are understood by
considering the valence state of Ce as tetravalent as dis-
cussed below.

There is a difference in the ionic size of Pr3*/Ca®" and
Ce**, which reduces (r,). In addition, the Mn** content is
increasing with increasing Ce** to neutralize the charge. Pro-
gressively, the larger Mn** ions replace smaller Mn** ions,
sharing corners in MnOg octahedra. As a combined effect,
the average Mn—O-Mn bond angle decreases, while the av-
erage bond length and unit cell volume increase. Such pecu-
liar changes in bond angles and bond lengths are also earlier
observed in manganites.”>* Although the most stable va-
lence state of Ce is expected to be tetravalent for the air-
prepared samples, the possibility of a mixed valent state with
a major content of Ce** ions cannot be ruled out. Since we
could find indirect evidence of the tetravalent Ce in this sys-
tem, the parameters (r,) and 02(Exirl-2—(rA>2) are calculated
considering Ce**, for a comparison among these compounds
[by using eight coordinate radii for A-site ions reported by
Shannon, Acta. Cryst. A 32 751 (1976)]. These parameters
are listed in Table I.

B. Magnetization

Figures 3(a)-3(c) display the ac susceptibility (x,) at dif-
ferent frequencies as a function of temperature for the
samples with x=0.03, 0.05, 0.10, and 0.20. A peak at around
~220 K and a shoulder at ~150 K are observed in the y,
curves for PrCe-3% compound [Fig. 3(a)], corresponding to
Tco and Ty, respectively. Interestingly, similar features cor-
responding to 7o and Ty have been observed earlier in mag-
netization for nearly half-hoped Pr;_,CaMnO; charge-
ordered manganites.’* PrCe-5% also shows a hump at
Tn(~133 K) and a shoulder corresponding to charge order-
ing at around 215 K [Fig. 3(a)]. With further substitution of
Ce, the x,. shows a peak at 41, 37, and 35 K, respectively,
for PrCe-10%, PrCe—15%, and PrCe-20%, but any feature
related to Ty or T¢o is absent [Figs. 3(b) and 3(c)]. The
magnetization behavior of PrCe-15% resembles that of
PrCe-20% compound and is not shown. A small feature is
observed at low temperature in y,. for PrCe-3%, for which
we do not know the exact origin at present.

Figures 4(a) and 4(b) display the magnetization isotherms
at 2.5 K. PrCe-3% and PrCe-5% show successive sharp
MMTs when the magnetic field is increased, and a large ir-
reversibility in the magnetization while the magnetic field is
reduced to zero. After the first magnetic field ramp up to 12
T, these samples do not retain the initial magnetic state until
warmed up to a temperature around 250 K. Though the H,. is
drastically reduced to 5 T for PrCe-3% from 25 T for the
undoped compound, it does not attain the expected saturated
magnetization (~3.5up for nearly half-doped manganites).
However, with a further increase in substitution up to 5% of
Ce, the H, is reduced to 4.5 T with nearly saturated magne-
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FIG. 3. (a), (b), and (c) . Vs temperature at different frequen-
cies (1.22, 12.2, 122, and 1217 Hz) for Prys_,Ce,CaysMnOs
(0.03=<x=<0.20) compounds. The increasing frequency is shown by
arrows. The insets show magnetization as a function of temperature
in ZFC (hollow circles) and FC (solid circles) conditions at 50 Oe.

tization (Fig. 4) at higher fields. The sharp MMTs get
smeared out on increasing the temperature to 10 K (Fig. 5).
The variation of H, as a function of temperature for Pr-3%
and Pr—5% is shown in Fig. 6. The H, reduces initially,
passes through a minimum, and then keeps rising. The meta-
magnetic properties of Ce-substituted compounds (x=0.03
and 0.05) resemble those'! observed for La** and Ba** sub-
stituted PrysCagsMnO5. For a comparison, we have shown
the variation of H. for Ba substituted samples from our ear-
lier studies.!" A crossover is observed in H, variations of
PrCe—3% and PrCe—5%, possibly, as a result of the changing
Mn?*4* ratio with increasing Ce** content in the system.

In contrast to PrCe-3% and PrCe—5%, the magnetization
of PrCe—10%, PrCe—15%, and PrCe—20% does not show any
metamagnetic transition up to 12 T. These samples behave
like spin glass and it is verified by a strong frequency depen-
dence of ac susceptibility (x,.) and a large separation in zero-
field-cooled (ZFC) and field-cooled (FC) magnetization
curves below the peak temperature [Figs. 3(b) and 3(c)]. The
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FIG. 4. Magnetization isotherms at 2.5 K for

Pry5_,Ce,CagsMnO; (0.03<x<0.20) compounds. The arrows
show the direction of magnetic field ramp.

ac susceptibility peak shifts to higher temperature with in-
creasing frequency. The frequency dependence is observed
only around and below the peak temperature (7), which
indicates that the system homogeneously goes through the
spin-glass-like transition. However, such a clear transition is
not observed for PrCe-3% and PrCe-5% compounds, but
they show a frequency dependence of y,. below about 60 K
[Fig. 3(a)]. This may indicate the presence of some spin-
glass component. The magnetic state of these compounds
was further probed by measuring the magnetic relaxation at 5
K (Fig. 7). The samples were zero field cooled, then a field
of 5000 Oe was applied for 300 s and reduced to zero. The
magnetization of PrCe-3% and PrCe—5% shows a weak de-

4

M(u,/f.u.)

FIG. 5. isotherms at 10 K for

Magnetization
Pry5_,Ce,CapsMnO; (0.03<x=<0.20) compounds. The arrows
show the direction of the magnetic field ramp.
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FIG. 6. H, vs temperature for Pry 5_,Ce,CagsMnO3 (x=0.03 and
0.05) compounds. The inset figure shows H,. vs temperature for
Pry sCags_,Ba,MnO; (y=0.05 and 0.10) compounds.

pendence on time, but the magnetization of PrCe—10%,
PrCe—15%, and PrCe-20% compounds shows a strong loga-
rithmic relaxation in the time window of 100 to 7000 s,
which further supports the growth of a spin-glass-like state
with increasing Ce substitution.

As described above, the Pr;_.Ce,Ca;sMnO; passes
through a structural transition with increasing x and shows a
transformation from a robust AF to weak AF (reduced H,)
and finally to a spin-glass-like state. This can be understood
in terms of the changing Mn>*/#* ratio, (r,) and ¢ as a result
of the Ce substitution. The Mn**/#* ratio changes with in-
creasing Ce** and drives the system from a half-doped state
to an optimally hole-doped state. Thus, the Mn** ions replace
Mn** ions and disrupts the alternate zigzag spin arrangement
in Mn**/#* network of CE type AF phase. A similar scenario
is earlier observed for the Cr-doped PrjsCaysMnO; system,
where the replacement of Mn ions by Cr ions with reverse
magnetic spins destabilizes the CE-type AF state and induces
a ferromagnetic phase, coexisting with a charge-ordered
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FIG. 7. Magnetic relaxation as a function of time for
Pry 5_,Ce,Cap sMnO3 (0.03<x=<0.20) compounds at 5 K. The solid
lines show the linear fit.
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Pry 47Ce 03CapsMnOj5 at 2 K and for Pry 4Ce( ;Cag sMnO5 at 2.5 K.
The inset shows the  magnetization  isotherm  for
Prj 47Ce 03Cay sMnO; at 2.5 K. The arrows on the curves show the
direction of the magnetic field ramp. The dotted lines show a drop
in resistivity from high values.

phase.?>?¢ The Ce** substitution also enhances disorder (o?),
which could weaken the CE-type charge-ordered state. Thus,
as a result of the increasing Mn**/#* ratio and o2, a metamag-
netic state is induced at much lower H,. than that for the
undoped compound. The charge-ordered state melts in steps
with multiple metamagnetic jumps, possibly, as a result of
the intrinsic structural and magnetoelectronic inhomogeneity
in the polycrystalline samples or due to Ce substitution in-
duced local defects.

As per earlier reports, even with optimal hole
doping in (La,Y),_,CaMnOj,(Tb,La),;Ca;;3MnO; and
Tb,_,Ca,MnO; systems,”’2° a small (r,) hinders the ferro-
magnetic ordering and induces a spin-glass-like state due to
competing magnetic interactions. The Ce**(0.97 A) ion is
smaller than Y3*(1.019) and Tb>*(1.04 A) ions. The higher
Ce** substitution considerably reduces (r,), drives the sys-
tem towards an optimally hole-doped state, and also in-
creases the disorder (02). As a combined effect, the system
shows a spin-glass-like state.

On comparing the results of the Pr,;_,Ce,CaysMnO; sys-
tem with those'? of PrysCags_,BaMnOs, we find that the
results are drastically different for x or y=0.1. This provides
evidence of tetravalent Ce ions in a Pr;_,Ce,CaysMnOjs sys-
tem as argued in the following way. If Ce would be in a
trivalent state then (r,) would increase, as a Ce>* ion is
larger than a Pr’* ion. Let us note that the substitution of
Ba* increases (r,) and ¢” to a greater extent than the Ce**
substitution would have in the PrjsCa, sMnO5 system. Since
the Ba?* substituted system shows metamagnetism within 14
T of an applied magnetic field, Ce** would also have shown
similar results. The contradictory results support the pre-
dominantly tetravalent state for Ce.
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C. Magnetoresistance

The resistivity as a function of the magnetic field is shown
for PrCe-3% and PrCe—10%. The sharp steps in resistivity
are observed showing the transition from an insulating to a
metallic state. Interestingly, these steps correspond with the
sharp magnetization jumps at 2.5 K (inset Fig. 8), indicating
a strong correlation between magnetic and electronic transi-
tions in PrCe-3%. The PrCe—-5% compound shows a similar
behavior. At 2.5 K, PrCe—-10% shows a very high resistivity,
but on increasing the magnetic field to 14 T, the resistivity
drops to about 10 ) cm, indicating the opening of ferromag-
netic channels.

Figure 9 shows resistivity versus temperature for PrCe—
3%, PrCe-5%, and PrCe—10% compounds in different mag-
netic fields. The data are taken while cooling. All the three
compounds exhibits insulator-metal (I-M) transitions at high
enough magnetic fields. The peak temperature (7,) corre-
sponding to the I-M transition shifts to higher temperatures
with the increase in magnetic field. Surprisingly, an insulator
to the metalliclike transition is observed at high magnetic
fields (H=10 T) for PrCe—10%, which shows a spin-glass-
like behavior. Such peculiar magnetoresistance is also ob-
served for single-crystal EujsBajysMnO; manganite, which
is shown to be an atomic level spin glass.!” According to the
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simulation studies by Burgy et al.,’*® doped transition metal
oxides are intrinsically inhomogeneous and due to the disor-
der effect, they show the coexistence of clusters with differ-
ent signs of order parameters, separated by thin regions of
competing phases. Furthermore, the transition between these
phases may be percolative on the application of moderate
fields. This can explain the observed magnetoresistance be-
havior in PrCe—10%; however, a high magnetic field such as
10 T is required to induce the percolation of charge carriers
in this spin-glass-like system. We find that PrCe—10% shows
an upward trend in magnetization around 10 T between the
temperatures 20 and 30 K (inset Fig. 9). This clearly shows a
growth of the ferromagnetic phase which is retained down to
low temperatures due to the field cooling (the magnetoresis-
tance is measured while cooling). However, in the ZFC con-
dition, a higher magnetic field of 14 T is required to induce
the metalliclike state (Fig. 8).
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IV. CONCLUSION

With Ce substitution in the Pr;_Ce CaysMnO; system,
the structure evolves from O’-type orthorhombic to quasitet-
ragonal symmetry. The structural and magnetic properties
strongly support tetravalent or nearly tetravalent state for Ce
in this system. The lower Ce substitution (x=0.03 and 0.05)
induces sharp and strongly correlated metamagnetic and
electronic transitions at low temperatures, as a result of an
enhanced Mn**** ratio and ¢”. For higher Ce substitution
(x=0.1), the system is driven to a spin-glass-like state. The
magnetoresistance implies the opening of the conducting
channels at high magnetic fields in the Pr,4Ce(CaysMnOs
compound, which shows spin-glass-like behavior. A detailed
neutron diffraction study may throw more light on the com-
plex magnetic structure of these compounds.
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