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Abstract

Single phase samples of polycrystalline Lao,gsAgo,lsMnl,yCryO3 (y =0,0.05,0.10, 0.15,
0.20) were prepared by the solid-state route. These samples were studied by recording x-ray
diffraction patterns to investigate their crystal structure, by measuring temperature and
frequency variations of ac susceptibility and high temperature magnetization to investigate their
magnetic properties and by measuring magneto-resistivity. X-ray diffraction patterns could be
refined by using the R3¢ space group. The lattice parameters and Mn—O bond lengths were
found to decrease with Cr doping. Paramagnetic to ferromagnetic transitions followed by low
temperature spin glass like behavior have been observed from ac susceptibility results. The
above transitions could be understood on the basis of double exchange ferromagnetic

interaction in Mn**—0? —Mn**, super-exchange ferromagnetic interaction in Cr*t-0?~-Mn3*
and super-exchange antiferromagnetic interaction in Mn**—0?~—Mn** networks. Even though
a strong ferromagnetic signal was observed in all the Cr doped samples, no metal—-insulator
transition has been observed. Thus Cr doping gives rise to a ferromagnetic insulating state and

the Cr might take part in super-exchange ferromagnetic interactions. Colossal
magneto-resistivity has been observed up to 20% of Cr doping in a wide temperature range

down to low temperatures.

1. Introduction

Mixed valent manganites are the subject of research interest
due to their rich variety of physical and chemical properties
and potential applications in technologies such as magnetic
recording, magnetic actuators, magnetic sensors etc [1-3].
The most interesting property of these materials is colossal
magneto-resistivity (CMR) behavior in the vicinity of the
paramagnetic to ferromagnetic transition temperature (7).
Mixed valent manganites with CMR behavior have been
observed by doping either divalent alkaline earth elements
(Ca, Sr, Ba etc) or mono-valent alkali ions (K, Na, Ag
etc) in place of the rare earth element R in RMnO; [1-6].
The CMR behavior can be explained qualitatively by using
Zener double exchange (DE) ferromagnetic interaction in Mn—
O-Mn networks [7]. In addition to DE interactions, other
mechanisms such as super-exchange interactions, electron—

0953-8984/08/235201+07$30.00

phonon interactions, spin fluctuations, electron magnon
interactions etc have to be taken into account to explain the rich
physical and chemical properties of these manganites [8]. The
effect of Mn site doping using other transition elements, such
as T = Ti, Cu, Cr, Fe, Co, Ni, Ru and non-magnetic element
Al have been studied by several groups [9-23]. It is found
that Mn site doping generally gives rise to a decrease in Curie
temperature and metal-insulator (M-I) transition temperature.

Among the 3d transition elements, Cr substitution is par-
ticularly interesting, as Cr’*" is iso-electronic with Mn** and
the non-Jahn-Teller ion. Paramagnetic (PM) to ferromag-
netic (FM) transition has been reported in the Cr substituted
parent compound LaMn;_,Cr, O3 [15]. Reentrant spin glass
behavior has been reported in Lag46Sr9.54Mn;_,Cr,O3 for
y = 0.02 [24]. Wu et al [18] have observed that doping
of Cr ions dilutes the long range ferromagnetic ordering of
Lag7Cap3Mn0;. They have observed the Kondo effect and

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. XRD patterns of the samples Lag ssAgo.1sMn;_ ,Cr, O3
(y =0,0.05,0.10, 0.15 and 0.20).

spin glass behavior for Lag7Cag3Mn;_,Cr,0; (x = 0.05, 0.1
and 0.3). An increase in 7 and spin glass behavior has been
observed in Lag9CagMn;_,CryO; (y = 0.01 and 0.2) sam-
ples [19]. Ganguly et al [11] have considered ferromagnetic
super-exchange interaction in Mn3*—0?"—Cr** networks to
explain the magnetic behavior of Lag7Cag3Mn;_,Cr,O3. The
interaction between Cr—Mn ions in manganites is yet to be un-
derstood in detail.

In this report, we have chosen mono-valent doped double
exchange ferromagnetic Lag gsAgp.1sMnOj; to substitute Cr in
the Mn site. We have observed a spin glass like transition
at low temperature in addition to FM and antiferromagnetic
(AFM) transitions. The magnetic property of the present series
of samples is explained on the basis of the super-exchange
ferromagnetic interaction in Cr—O—Mn networks. The rate of
fall of ferromagnetic 7, with Cr concentration is found to be
small compared to other transition element doping, such as Fe
and Co.

2. Experimental details

Polycrystalline samples of the Lag ssAgo.1sMn;_,Cr, O3 series
for y = 0, 0.05, 0.10, 0.15, 0.20 were prepared by the
conventional solid-state reaction method. Stoichiometric ratio
of La,O3, AgNO;, Mn metal powder and CrOz with 99.9%
purity were weighed and mixed thoroughly under acetone. The
mixture was presintered at 300, 400, 500, 600 and 700°C
for 5 h at each temperature and at 800°C for 36 h with
intermediate grindings. The sintering in pellet form was
carried out for 36 h at 1000 °C and 1100 °C respectively with
a few intermediate grindings. All the above sintering was
carried out in atmospheric pressure. X-ray diffraction (XRD)
patterns were recorded at room temperature using a Bruker
D8 Advance XRD machine with Cu Ko radiation. Scanning
electron micrographs were taken by using a LEO scanning
electron microscope (SEM). Compositional analysis has been
carried out by recording the energy dispersive spectrum using
the Oxford energy dispersive spectrometer (EDS) attached to
the SEM. Temperature variation of ac susceptibility down to
30 K was measured by the mutual inductance bridge method.
The frequency variation of ac susceptibility was carried out at
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Figure 2. XRD pattern for the sample y = 0.10. The circles represent
experimental points and the solid line represents Rietveld refined
data. The bottom line shows the difference between experimental and
refined data. The marked 26 positions are the allowed Bragg peaks.

five different frequencies, namely 333, 1333, 3333, 6333 and
9333 Hz in an applied field of 2 Oe. A temperature variation
of DC magnetization was measured from room temperature to
500 K using a Lake Shore Vibrating Sample Magnetometer
(VSM). DC electrical resistivity as a function of temperature
was measured down to 30 K by employing the linear four
probe technique. The magneto-resistivity was measured by
applying a magnetic field of 10 kOe. A commercial closed
cycle helium refrigerator cryostat equipped with a temperature
controller was used for temperature variations down to 30 K.

3. Results and discussions

3.1. Crystal structure

The XRD patterns recorded for LaggsAgo.isMn,_,Cr,03
compounds with y = 0, 0.05, 0.10, 0.15 and 0.20 are shown
in figure 1. We can see that the samples are in single phase
form. The XRD patterns were analyzed with the help of the
Fullprof program by the Rietveld refinement technique [25].
The patterns for all the samples could be refined using the
R3c space group; they were consistent with those reported
for Lag gsAgo.1sMnO; [26, 27]. Typical XRD patterns along
with Rietveld refinement are shown in figure 2 for y = 0.10.
Here the experimental data are shown as circles and calculated
intensities are shown as solid lines. The bottom lines represent
the difference between measured and calculated intensities.
The allowed Braggs positions for the R3¢ space group are
marked as small vertical lines. One can see that all the observed
peaks coincide with the allowed Bragg 26 positions.

The refined lattice parameters and unit cell volume are
listed in table 1. These values are comparable to those reported
for La;_,Ag,MnOs3 [26, 27]. The lattice parameters and unit
cell volume are found to decrease with Cr doping. The average
Mn-O bond length and Z Mn—O-Mn bond angle are calculated
from the refined atomic positions and lattice parameters and
these values are tabulated in table 1. Bond angles Mn—-O-Mn
are found to increase with increase in Cr concentration. The
average bond distance Mn—O decreases with Cr doping.
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Figure 3. SEM image (magnification 8000) of the
Lag ssAgo.15Mng g5Cro.1503 sample.
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Figure 4. Temperature variation of in-phase ac susceptibility (') of
samples Lao‘g5Ag()‘15MH]_yCryO3 (y = 0.05,0.10, 0.15 and 0.20).

Table 1. Parameters obtained from the Rietveld analysis of XRD
patterns for the samples LaolgsAgo,lstnlfyCoyO\; (y = 0.05,0.10,
0.15 and 0.20). Errors of lattice parameters and unit cell volume are
shown in brackets.

Sample
Parameters y=0.05 y=010 y=0.15 y=0.20
Space group R3c R3c R3c R3¢
a=b(A) 5.5318 5.5306 5.5265 5.52780
(0.0013)  (0.0014)  (0.0019)  (0.0014)
c(A) 13.3772 13.3763 13.3715 13.3826
(0.0034)  (0.0037)  (0.0050)  (0.0036)
Volume (A3) 3545 3543 353.7 3542
(0.1) 0.2) (0.2) (0.2)
%2 (%) 2.48 2.28 2.05 225
R, (%) 7.83 8.34 7.74 7.75
Mn-O (A) 1.970 1.967 1.965 1.964
Mn-O-Mn (deg) 162.5 163.8 163.9 165.1

A typical SEM micrograph for Lag gsAgo.1sMng 15Crp 1504
is shown in figure 3. The morphology of the sample is found to
be uniform. The composition determined from EDS analysis
is found to be comparable to the nominal starting composition.
The EDS analysis shows that the cationic ratio for the y = 0.15
sample is La:Ag:Mn:Cr = 0.88:0.12:0.87:0.13.
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Figure 5. x” versus temperature (7) measured at frequencies
f =333,1333, 3333, 6333 and 9333 Hz for the samples
(a) y = 0.15 and (b) 0.20.

3.2. Ac susceptibility

The temperature variations of x’ are shown in figure 4
for the samples Lao_g5Ag0_15Mn17yCryO3 (y = 0.05, 0.10,
0.15 and 0.20). All the materials exhibit paramagnetic
to ferromagnetic (FM) transition under cooling. The FM
transition could be understood due to the double exchange
interaction between Mn**—0?"-Mn** networks and super-
exchange (SE) ferromagnetic interaction in Cr’*—0* —Mn>**
networks. The ferromagnetic transition temperature has been
determined from the temperature corresponding to a negative
peak in the dy'/dT versus T plot. The peak temperature
was taken by fitting the curve to a Gaussian function. The
T, is found to be 284 K for LapssAgo1sMnO; and it is
comparable to that of the reported value [26, 27]. The
values of FM T, are given in table 2 and they decrease with
increase in doping. This could be due to dilution of the
strong double exchange ferromagnetic interaction in Mn*—
0> —Mn** networks. However, the fall in TC(ATTc x 100) is
about 23%, 25%, 27% and 28% for y = 0.05, 0.10 0.15 and
0.20, with respect to the y = 0 sample, which is quite small
compared to Co doped samples [22]. It could be due to the
presence of ferromagnetic SE interactions in the Cr’t-0?——
Mn®" network along with DE ferromagnetic interactions in
Mn**—0>—Mn*" networks.

Temperature variations of magnetization from 300 to
500 K were carried out to determine the variation of the
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Figure 6. Plots of 7; versus frequency for the samples (a) Lag gsAgo.1sMng gsCro.1503 and (b) Lag gsAgo.1sMng gCro O3 and the plots of In(7)
versus In[(T3-T3) / T, ] for (c) Lag gsAgo.1sMng 35Cro.1503 and (d) Lag gsAgo.1sMng gCro 2O3.

Table 2. Parameters obtained from the linear ac susceptibility of Lag gsAgo.; 5Mn17yCryO3. Ton and T, are ferromagnetic onset and transition
temperatures respectively. x,, is the maximum susceptibility. & (Curie temperature), C (Curie constant), (e (up) are calculated from high

temperature magnetization measurement.

Sample y=0.00 y=005 y=010 y=0.15 y=0.20
Ton (K) — 280 276 275 270

T. (K) 284 231 227 224 222

X, (emumol~! Oe™") 27.94 26.62 25.38 22.29 22.10

0 (K) 301 247 241 237 235

C (Kemumol™ Oe™") 2.98 291 2.88 2.86 2.83

Mett (B) 4.88 4.82 4.79 4.78 4.75

paramagnetic Curie temperature 6, Curie constant C and
effective magnetic moment p.g. The plot of inverse dc
susceptibility (1/xq4c) versus temperature (7') exhibits a linear
behavior (not shown) in the paramagnetic region. We have
fitted the data by using the Curie-Weiss law, x = C/(T — 0)
and the values of C, 6 and s are given in table 2. One
can see that 6 is positive as expected for paramagnetic to
ferromagnetic transition behavior. 6 is found to decrease with
increase in Cr concentration, which reflects the decrease in
double exchange FM interaction and it is in correlation with
the variation of FM T, with doping. Even though 6 and T,
follow the same trend with doping, the 6 value is found to
be higher than that of 7. for each sample. This could be
mainly due to smearing of the FM transition as a result of

different types of FM interaction or dilution of the DE FM
interaction.

All the Cr doped samples exhibit a low temperature fall
in susceptibility at around 90 K along with the corresponding
peak in the x” versus T plot (figure 5). They can be
attributed to a spin glass like transition. This could be due
to the presence of competing antiferromagnetic interaction
in the Mn*'—0>"-Mn** network and different types of
ferromagnetic interactions in Mn**—-0>"-Mn** and Cr*'-
0?~-Mn>" networks.

To understand the origin of the low temperature peak
observed in the x” versus temperature plot (figure 5), we
have carried out the temperature variations of ac susceptibility
at different frequencies such as, 333, 1133, 3333, 6333
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Figure 7. Temperature variation of electrical resistivity and magneto-resistivity of y = 0.05, 0.10, 0.15 and 0.20 samples.

and 9333 Hz. Typical plots of x” versus temperature for
different frequencies are shown in figure 5 for y = 0.15
and 0.20 samples. We have not found any change in the
position of the ferromagnetic transition temperature 7, with
frequency. However, low temperature peak shifts towards
higher temperature with increase in frequency. These features
are commonly observed in conventional spin glass systems.
The temperature corresponding to the above peak is taken as
the spin glass freezing temperature 7.

We have analyzed the spin glass like transition at low
temperature from the frequency dependent data based on the
power law relation [28],

T [-T, 1%
w0 |: T j| ‘
Here, t is the relaxation time corresponding to the
measured frequency (t = 1/f), 19 is the characteristic time
constant and zv is the critical exponent. 7, is the spin glass
transition temperature, which is equivalent to the freezing
temperature in the limit of T — oo, i.e. f — 0. A typical
plot of Tt versus frequency is shown in figures 6(a) and (b),
for the samples y = 0.15 and 0.20 respectively. These data
were fitted to the linear equation to determine 7, and the fitted
data are shown as solid lines. A typical plot of In(zr) versus
In[(Tt—T,)/ T,] is shown in figures 6(c) and (d) for the samples

ey

y = 0.15 and 0.20. These data were fitted to equation (1) by
varying the parameters 7y and zv and the fitted data are shown
as a solid line. The typical 7y and zv values are listed in table 3
for all samples. The 7 is much higher than the value observed
in a conventional spin glass system (1073 s) [29].

3.3. Resistivity and magneto-resistivity

The temperature variations of electrical resistivity (p) in the
absence and presence of 10 kOe magnetic field are shown in the
figure 7 for samples Lao.gsAgO.lsMnl_yCry03 (y = 0.05,0.10,
0.15 and 0.20). A broad hump has been observed at around
120 and 100 K for y = 0.05 and 0.10 samples respectively.
The broad hump indicates that metallic behavior competes with
insulating behavior and the system re-enters into an insulating
state. Semiconducting behavior has been observed for y >
0.15 samples. Even though the Cr doped samples exhibit an
FM transition with strong FM signal, we have not observed a
clear metal—insulator transition. This can be attributed to the
domination of super-exchange FM interaction in Cr’*—-0? -
Mn** networks with increase in Cr doping. Thus Cr doping
leads to the ferromagnetic insulating state.

The temperature variation of magneto-resistivity was
calculated using the relation, (Ap/p,) = (py — Po)/Po- Here
pp is the resistivity in the presence of magnetic field and pq
is the resistivity in the absence of magnetic field at a given
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Table 3. Parameters obtained from the frequency variation of ac susceptibility measurements. Ty and 7, are the spin glass freezing
temperature and spin glass temperature respectively. 7y is the characteristic time constant.

Sample y=0.00 y=005 y=010 y=0.15 y=0.20
T; (K) 333 Hz 84.5 86.5 89.5 87.5
1333 Hz 85.5 87.0 90.0 88.5
3333Hz — 87.0 88.5 91.0 90.0
6333 Hz 89.0 90.5 92.5 92.5
9333 Hz 91.0 92.0 93.5 95.0
T, (K) — 84.4 86.3 89.4 87.3
7o (1076 5) — 1.659 5.516 1.830 3.700
zZv — 1.194 1.032 1.122 1.109
terr}pt?rgture. The temperature V'ariation of negative magneto- 45 . La,.Ag, Mn, .Cr. O,
resistivity (—Ap/pp) is shown in figure 8 for y = 0.05 and w0l
0.10 samples. Broad magneto-resistivity peaks have been I
observed at around 240 K for y = 0.05 sample, 230 K for y = 350
0.10 and 225 K for y = 0.15 samples and they are comparable -
to the FM T, observed from ac susceptibility measurements. ﬁ 30
Thus the electrical resistivity and magneto-resistivity data s 5l
show that in Cr doped samples there is a contribution I
from both metallic conduction due to double exchange 20 -
ferromagnetic interaction and semiconducting behavior due to I
ferromagnetic/antiferromagnetic super-exchange interaction. sr ) ) ) ) ) )
Unlike the conventional CMR materials where large magneto- o 50 100 150 200 250 300
resistivity (MR) is observed only in the vicinity of FM T, Temperature(K)
here we can observe considerable MR in a wide temperature
range. The increase in MR with decrease in temperature can be 25| E2025A06.15MM0,Cro., O,
explained on the basis of the presence of considerable magnetic
anisotropy and it is suppressed due to applied magnetic field. 20
The contribution of intergranular tunneling can be also one of
the reasons for the observed MR. g er
El 10 |
4. Conclusions
5
Lag.gsAgo.1sMn, _,Cr,O3 compounds have been prepared for
y = 0-0.20. All the samples are found to be in single o 50 100 150 200 250 300
phase form. The Rietveld analysis of XRD patterns shows Temperature(K)

that the observed peak could be indexed to the R3c space
group. Paramagnetic to ferromagnetic transitions followed by
low temperature spin glass like transitions have been observed
for Cr doped samples. Unlike the other magnetic element
doping, the rate of decrease in 7 with doping and reduction in
susceptibility magnitude are quite small in Cr doped materials.
On the other hand, there is a large change in resistivity
behavior due to Cr doping and the signature of competing
metallic behavior with insulating behavior was observed up
to 10% of Cr doping. The above observation suggests that
the role of Cr is to dilute the DE FM interaction and possible
super-exchange interactions in the Cr’*—0*—Mn>* network.
The Cr ions are expected to replace the Mn** ions and
hence encourage antiferromagnetic super-exchange interaction
in Mn**—0%>—Mn*" networks. These competing magnetic
interactions also give rise to low temperature spin glass like
behavior, as confirmed from the frequency variation of ac
susceptibility. The spin glass transition temperature is found
to increase with doping. The Curie temperature determined
from high temperature magnetization measurement is found
to be in correlation with FM 7,. The observed CMR in a

Figure 8. Temperature variation of MR (—Ap/p,) for the samples
(2) Lag s5Ag0.15sMng 95Cro.0503 and (b) Lag ssAgo.15Mng.00Cro.1003.

wide temperature range is explained on the basis of magnetic
anisotropy and intergranular tunneling.
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