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Role of the stability of charge 
ordering in exchange bias effect in 
doped manganites
Papri Dasgupta1, Kalipada Das2,5, Santanu Pakhira  1, Chandan Mazumdar1, S. Mukherjee3, 
S. Mukherjee4 & A. Poddar1

In this work we have carried out an elaborate study on the magnetic properties and investigated 
the exchange bias phenomena of some charge-ordered (CO) manganites. The detailed study of 
Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6, 0.65, 0.7) compounds shows that Sm0.4Ca0.6MnO3, which is the 
most robust charge ordered material studied here, shows significantly large exchange bias field (HE) 
as compared to the other compounds. Our experimental results and analysis indicate that TCO, which 
reflects the stability of the charge-ordered state, is one of the key parameters for the exchange bias 
effect. Similar behaviour is found in other rare-earth analogues, viz., La1−xCaxMnO3 and Pr1−xCaxMnO3 
compounds as well. We also found that with increasing stability of CO states in Sm1−xCaxMnO3 
compounds, HE enhances due to increase in number and reduction in size of ferromagnetic clusters.

Ferromagnets, under exposure to a cyclic magnetic field, exhibit a magnetic hysteresis loop (M-H loop) resulting 
in energy storage in the system1. Such loops appear due to irreversible domain wall motion/domain rotation 
caused by various pinning centres like dislocations and inclusions present in the system. In the permanent mag-
nets, M-H loops are generally symmetric in nature with appreciable remnant magnetization and coercive field. 
Isothermal magnetic hysteresis phenomenon has been utilized in many technological applications, such as data 
processing, electronic, automobile, aerospace and biosurgical industries etc.2. However, for a few material, M-H 
loops have been found to be asymmetric in magnetic field direction, and such an asymmetry has been assigned 
to the presence of exchange bias (EB) phenomenon3, 4. The asymmetry parameter is called exchange bias field 
(HE) and is defined as (HC1 − HC2)/2 where HC1 and HC2 are coercive fields in the positive and negative field axis. 
EB is commonly observed in systems that contain phase boundaries separating antiferromagnetic (AFM) and 
ferromagnetic (FM) regions3. The exchange interaction at such magnetic phase boundaries would lead to unidi-
rectional pinning of interfacial spins. In this case, reversal of the oriented FM moment needs an additional energy, 
leading to the shift in the switching field, thereby introducing asymmetry in M-H loop. Systems with large HE 
have found several application in different magnetic sensors and read-heads for spintronic applications5, 6. EB is 
observed in various configurations viz, core-shell nanostructures, layered structures, two phase nanocomposits, 
inhomogenous materials etc.4, 7–9. In all these cases, artificially engineered phase boundaries between two or more 
crystallogaphically or chemically different phases have been used to achieve the magnetic inhomogenity required 
for introducing EB. However, such multiple-phase-compounds often found to exhibit compositional variations 
in the physical scale of micron or sub-micron range, which may affect the reproducibility of EB data measured in 
different batches of same material10. There are, nevertheless, some single phase compounds such as manganites, 
cobaltates, etc., known to exhibit EB, where magnetic inhomogenity are an inherent characteristics originating 
due to electronic phase separation11.

Electronic phase separation (hence onwards referred as phase separation in rest of this paper) has been 
observed and studied extensively in partially doped manganites11–13. Such doped manganites R1−xAxMnO3 
(R = Rare-earth) are obtained by substituting divalent alkaline-earth ions such as A = Ca2+, Ba2+ and Sr2+ at the 
trivalent rare earth site of the parent RMnO3

13. In the parent compound, the manganese ions exist in Mn3+ state 
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whereas in doped compounds both Mn3+ and Mn4+ ions exist in the ratio of (1-x): x. This mixed-valent character 
of Mn ions underlies the rich phase diagrams exhibited with different ground states13. For example, one may get 
metallic or insulating state as well as FM, AFM, canted AFM or charge-ordered (i.e. a periodic arrangement of 
Mn3+ and Mn4+ ions in the lattice) states depending on the percentage of doping13. The presence of more than one 
of such electronic phases in an otherwise chemically homogenous system gives rise to phase separation. In phase 
separated manganites, EB was first reported in charge-ordered (CO) compound Pr1/3Ca2/3MnO3

14. In this CO 
system, the regular arrangement of Mn3+ and Mn4+ ions also gives rise to AFM ordering. This CO/AFM system, 
sometime found to contain small inclusions of slightly different electronic phases, giving rise to FM behaviour in 
the form of nanodomains14. Since the exchange bias originate from the pinned interface spins between adjacent 
FM and AFM domains, HE depends on the surface area of the FM clusters dispersed in CO/AFM matrix. Thus, it 
is expected that in a bulk compound, HE should increase as the surface area of the FM clusters increases. This can 
be achieved by decreasing their size and increasing their numbers. To have large HE in the bulk system, such large 
surface area is essential and can be obtained by arresting the growth of FM cluster size. This is possible in a robust 
CO system where the strong AFM interaction would restrict the size and growth of the FM clusters. The restric-
tion imposed by the charge conservation would lead to an increase in the number of FM clusters of very small 
sizes throughout the material. Therefore, in this work, we propose that the robustness/stability of CO system, that 
is defined by the magnetic field required to melt the CO-state, must be an important parameter in deciding the 
value of HE in bulk CO manganite. Earlier studies on R1−xCaxMnO3 (R = Pr-Sm) compounds showed that the 
CO melting field and charge ordering temperature (TCO) increases with heavier rare earth analogues, indicating 
increase in the stability of CO state for a particular doping concentration15, 16. The largest value of CO melting 
field in the R1−xCaxMnO3 has been reported so far in Sm0.5Ca0.5MnO3 (~60 T) suggesting it to be the strongest 
CO system studied till now16. Furthermore, for a particular rare earth, the CO melting field i.e. the strength of 
CO, increases with increasing TCO (see Fig. 13 of ref. 14). So, one would expect even larger CO melting field in 
Sm0.4Ca0.6MnO3 (reportedly having maximum value of TCO in Sm1−xCaxMnO3 series17), though no such studies 
have been reported in literature. In this work, we focus on Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6) and study the evo-
lution of HE with x. We show that the bulk Sm0.4Ca0.6MnO3 compound which has relatively larger CO stability, 
indeed exhibit considerably higher value of HE than that observed in Sm0.5Ca0.5MnO3. Furthermore, HE is found 
to reduce drastically in nanosized material of Sm0.4Ca0.6MnO3, where the CO strength is remarkably weakened. 
We have also studied HE values of R1−xCaxMnO3 (R = La, Pr) for compositions having maximum TCO and com-
pared these values with that of Sm0.4Ca0.6MnO3 compound to test the validity of our proposal.

Results and Discussion
The bulk samples of Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6, 0.65, 0.7) and nano-sized samples of Sm0.4Ca0.6MnO3 
(Sm0.4Ca0.6MnO3-nano) have been prepared by sol-gel technique. All the peaks in the X-ray diffraction (XRD) 
patterns of these compounds at room temperature could be indexed by orthorhombic structure with Pnma space 
group, suggesting single phase nature of the samples (details are given in the section 1 of Supplementary infor-
mation part). The lattice parameters obtained for x = 0.5, 0.55 and 0.6 compositions are a = 5.364 Å, 5.355 Å and 
5.349 Å, b = 7.561 Å, 7.552 Å and 7.532 Å, c = 5.420 Å, 5.404 Å and 5.387 Å, respectively.

Temperature dependence of magnetization, M(T), of all these samples studied in the temperature range of 5 K 
to 330 K under zero field cooled (ZFC) and field cooled (FC) conditions at H = 100 Oe are shown in Fig. 1(a–d). 
For all the samples, M(T) shows a monotonously increasing behavior as the temperature is lowered from 330 K to 
~270 K till a peak is observed at TCO ~ 270 K. It has been argued that although the material remains paramagnetic 
both above and below TCO, the magnetic interaction changes from FM (T > TCO) to AFM (T < TCO) at the charge 
ordering temperature18. This results in a peak-like structure at TCO in the magnetic susceptibility. A close look into 
the M(T) data of Sm0.4Ca0.6MnO3-nano (Fig. 1a) reveals that the peak-like structure is very weak, indicating the 
suppression of CO as well as AFM interaction to a great extent. This results in a relative enhancement of magnetic 
susceptibility in the Sm0.4Ca0.6MnO3-nano at low temperatures vis-à-vis that of corresponding bulk materials. 
Charge ordering feature in these manganites is also manifested through the occurrence of an anomaly in die-
lectric constant around TCO (Inset I: Fig. 1a). Generally, it has also been reported that in similar systems CO is 
followed by CE-type insulating AFM phase at lower temperature16. This is also observed in our systems where the 
M(T) curves exhibit a discernible hump indicating AFM ordering below TCO (insets I of Figs. 1a,c,d and inset of 
Fig. 1b). Below the AFM ordering, M(T) under ZFC and FC configuration exhibit irreversible behavior (Tirr ~ TN). 
With the increasing magnetic field, the magnetic irreversibility reduces. Observation of such magnetic irreversi-
bility in an AFM material suggests the presence of additional FM interaction. Below TN, ZFC M(T) curve for both 
the bulk and nano samples measured at a very low field of 100 Oe show an increasing trend with decreasing tem-
perature indicating that the FM interactions are spontaneous and not field induced. The magnetization value of 
Sm0.4Ca0.6MnO3-nano below TN appears to be quite high relative to the bulk compounds. Such an enhancement of 
magnetization in nano material is due to increasing ferromagnetic component arising from the uncompensated 
surface spins in comparison with the AFM core.

On further decreasing the temperature, Sm0.4Ca0.6MnO3 shows another cusp in the M(T) curve at 35 K (~Tf), 
much below TN (Fig. 1c). This low temperature cusp, observed earlier in quite a few manganite systems had been 
argued due to the cluster glass behaviour, where Tf represents the spin freezing temperature19, 20. Among all the 
compounds studied here, such spin freezing effect, although quite prominent for Sm0.4Ca0.6MnO3, found to be 
present in other bulk compounds as well. The temperature derivative of M(T) exhibit an anomaly around Tf 
indicating the spin freezing behaviour in the Sm1−xCaxMnO3 (x = 0.5, 0.55) bulk compounds studied here (inset 
II: Fig. 1c,d). This effect, however, has not been observed in Sm0.4Ca0.6MnO3-nano, within the resolution limit of 
measurement.

Another important fact should mention here which is the effect of the external magnetic field on the transport 
properties of robust charge-ordered compound. In Sm1−xCaxMnO3 (x ~ 0.5), since the charge ordering state is 
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very robust, the insulating state at the low temperature is almost unaffected even in the presence of 90 kOe applied 
magnetic field. The resistivity as a function of temperature of some selected compounds in the absence and in the 
presence of magnetic field (90 kOe) is shown in supplementary part.

Field dependence of the magnetization, M(H), under ZFC condition for the bulk Sm1−xCaxMnO3 (x = 0.5, 
0.55, 0.6) and Sm0.4Ca0.6MnO3-nano samples at 5 K are shown in Fig. 2. The M(H) loops are symmetric and show 
an almost linear behavior in the high field region indicating a dominance of the AFM contribution in all the 
samples. A closer look at the low field region exhibit a weak loop in the M(H) curve suggesting the presence of 
an additional weak FM interaction (inset: Fig. 2). The remanence (Mr) and coercivity (HC) parameters are of the 
order of ~25 emu/mole and ~550 Oe, respectively for the bulk samples. Sm0.4Ca0.6MnO3-nano shows much larger 
values of Mr (~243 emu/mole) and HC (~1450 Oe) as compared to the corresponding bulk compound indicating 
relatively stronger FM interaction and weaker AFM interaction, as also inferred from M(T) studies. The relatively 
weak AFM interaction in Sm0.4Ca0.6MnO3-nano, makes the overall magnetization value high compared to its 
bulk counterpart. The loop could not be observed in the M(H) curve for the bulk samples at higher temperature 

Figure 1. The temperature dependent magnetization of bulk Sm1−xCaxMnO3 (x = 0.5, 0.55 and 0.6) and 
Sm0.4Ca0.6MnO3-nano compounds at H = 100 Oe. Inset I of (a), shows the enlarged view of the magnetization 
M(T) to point out the charge ordering signature and AFM ordering present even in nanoparticle. Inset II of 
(a) shows the dielectric constant of bulk Sm1−xCaxMnO3 (x = 0.5, 0.55 and 0.6) compounds. Inset of (b) and 
insets I of (a,c,d) shows the enlarged view of the magnetization M(T) close to their respective AFM ordering 
temperatures. Insets II of (c,d) show the derivative curve of M(T).
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(T > TN), e.g. at 150 K and 250 K, but instead show linear behavior with negligible Mr and HC. Thus, opening of 
the loop in the M(H) curve at 5 K indicates the presence of small FM clusters in AFM background, that has also 
been inferred from M(T) studies discussed earlier.

To check the presence of EB in these materials, M(H) measurements under FC condition i.e. after cooling 
the samples in a field of 50 kOe, have been carried out on bulk Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6, 0.65, 0.7) and 
Sm0.4Ca0.6MnO3-nano samples at 5 K (Fig. 3a–f). M(H) loop of all the bulk samples (Fig. 3a–c, e, f) are found to 
be asymmetric about both the field as well as magnetization axis indicating the presence of EB effect. The asym-
metry is so large that the values of MR2 are never positive even for large reverse fields of −70 kOe, where MR1 and 
MR2 are remanence magnetization corresponding to the decreasing and increasing field cycling of M-H loop. This 
indicates the presence of strong exchange anisotropy in all these compounds. To further confirm the EB effect 
in these compounds, additional measurements were carried out on bulk Sm0.4Ca0.6MnO3 that exhibits largest HE 
value among all the compounds studied in this work. M(H) loop, measured at 5 K after cooling the samples in 
a field of -50 kOe, shifted to the positive field direction indicating that the shift in M-H is not an artifact but is 
occurring due to EB effect (Fig. 3c). An important property usually observed in the EB system is the magnetic 
training effect in which the HE and remanence asymmetry (ME = (MR1 + MR2)/2) values are known to decreases 
as the system undergoes successive field cycling at a particular temperature after field cooling19. Furthermore, the 
variation of HE with the loop index number (λ) follows the relation (HE − HE∞) ∝ 1/√λ, where HE∞ is the EB field 
at λ = ∞19. It has been observed that similar behaviour is followed in bulk Sm0.4Ca0.6MnO3 compound when field 
cycled at 5 K (Fig. 4c,d), thus confirming the presence of exchange bias effect in bulk Sm1−xCaxMnO3 compounds 
studied here. The estimated HE values found to be ~1250 Oe, ~2080 Oe, ~2470 Oe, ~960 Oe and ~537 Oe at 5 K for 
these bulk samples with x = 0.5, 0.55, 0.6, 0.65 and 0.7 respectively. Thus, HE values of the bulk Sm1−xCaxMnO3 
(x = 0.5, 0.55, 0.6, 0.65, 0.7) compounds qualitatively mimics the variation of TCO with x similar to the reported 
phase diagram17 (Fig. 4a). Furthermore, these compounds show large HE values. On the contrary, Sm0.4Ca0.6MnO3 
- nano does not show any loop shift (HE ~ 0 Oe), indicating that HE vanishes as CO is suppressed drastically 
(Fig. 3d). Furthermore, it is known from previous studies that CO stability and TCO increases from R = La to 
Sm in R0.5Ca0.5MnO3 series15, and for a particular R-ion CO stability increases with increasing TCO (see Fig. 13 
of ref. 14). Accordingly we have estimated the HE values of La0.32Ca0.68MnO3 and Pr0.4Ca0.6MnO3 compounds 
that have the largest TCO (most stable CO for a particular rare earth) in the La1−xCaxMnO3 and Pr1−xCaxMnO3 
series respectively11. The HE values of these two compounds found to be 625 Oe and 1200 Oe which are much less 
than that of Sm0.4Ca0.6MnO3 (HE ~ 2470 Oe) supplementing our proposal that HE increases with increasing CO 
stability.

To reveal the origin of EB effect and the increase in the values of HE with increasing CO stability and x value 
in Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6) system, the temperature dependence of HE has been studied (Fig. 4b). HE 
obtained for Sm0.4Ca0.6MnO3 compound up to a temperature of 150 K shows that above Tirr, HE becomes temper-
ature independent with a negligible value. Below Tirr, HE increases slowly with decreasing temperature and then 
rises at a much faster rate below the spin freezing temperature Tf ~ 35 K. Similar variation of HE is also observed 
for Sm0.5Ca0.5MnO3 compound (Fig. 4b) which too exhibits a signature of spin freezing in the M(T) curve as 
shown in inset II of Fig. 1d. Increase in HE below 35 K was also observed previously in Pr1/3Ca2/3MnO3 manganite 
system (which do not exhibit any prominent cusp at low temperature) and was ascribed to the glassy behavior 
of the compound14. This indicates that the EB effect originates below Tirr (~TN), i.e. with the formation of FM 
clusters and increases drastically below freezing temperature in all the bulk Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6) 
compounds. To confirm the presence of ferromagnetic clusters and glassy behavior further measurements, as 
described below, have also been carried out.

Figure 2. Magnetization as a function of external magnetic field of bulk Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6) 
and Sm0.4Ca0.6MnO3 - nano compounds at T = 5 K. Inset shows the enlarged view of M(H) curves for low field 
region.
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Magnetic relaxation experiments on Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6) were carried out to confirm the pres-
ence of FM clusters. We have measured the isothermal remnant magnetization (IRM) as a function of time at 
T = 5 K, after cooling the sample in ZFC condition, followed by cycling in an external field of 0 Oe → 1 kOe → 0 Oe. 
M(t) data for Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6) shown in Fig. 5(a–c), relaxes as M(t) = M0 + M1 exp(−t/
t1) + M2exp(−t/t2) + M3exp(−t/t3), where M0 is the time independent and M1, M2, M3 are three time depend-
ent fractions relaxing with time constants t1, t2, and t3, respectively21. It can therefore be said that our relaxation 
experiment confirms the presence of multiple relaxation times, as expected for a collection of FM clusters.

The presence of FM clusters in an antiferromagnetic matrix is expected to exhibit glassy behavior. To con-
firm the glassy nature of the system, the ac susceptibility measurement has been carried out for the compound 
Sm0.4Ca0.6MnO3 at different frequencies. The ac susceptibility exhibit a peak around 35 K, and with increase in fre-
quency the peak temperature shifts towards higher temperatures (Fig. 6(a)). This type of frequency dependence of 
magnetic transition is typical for glassy systems and the corresponding peak temperature as f → 0 is defined as the 
freezing temperature. In typical glassy system, the relative shift in freezing temperature per decade of frequency 
is determined by ref. 22

Figure 3. Magnetization as a function of external magnetic field for (a–c,e,f) bulk Sm1−xCaxMnO3 (x = 0.5, 
0.55, 0.6, 0.65 and 0.7) and (d) Sm0.4Ca0.6MnO3 - nano compounds at T = 5 K in ZFC (black symbol) and FC 
(red symbol) at H = 50 kOe, conditions used to measure exchange bias effect. An additional M(H) data for 
Sm0.4Ca0.6MnO3 compound at T = 5 K in FC (H = −50 kOe) protocol is also shown in (c) (denoted by blue 
symbol).
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Figure 4. (a) Variation of HE and TCO as a function of Ca-concentration (x). (b) Variation of HE with 
temperature in bulk Sm1−xCaxMnO3 compounds for x = 0.5 and x = 0.6. (c) M(H) loops showing training effect 
of exchange bias and (d) Variation of HE with the loop index number (λ) in Sm0.4Ca0.6MnO3 compound.

Figure 5. M as a function of time t for bulk Sm1−xCaxMnO3 (x = 0.5, 0.55 and 0.6) compounds at 5 K. Solid line 
is a fit to M = M0 + M1exp(−t/t1) + M2exp(−t/t2) + M3exp(−t/t3).



www.nature.com/scientificreports/

7Scientific RepoRts | 7: 3220  | DOI:10.1038/s41598-017-03451-z

δ ν= ∆ ∆T T T/ (log ) (1)f f f 10

The calculated value of δTf is found to be ~0.12 for the compound, which is typically in the range of that found 
in cluster glass systems23. The frequency dependence of the glassy systems also follows conventional power-law 
divergence of critical slowing down

τ τ= − ν− ′T T T[( )/ ] (2)f SG SG
z

0

where τ is relaxation time corresponding to the measured frequency (τ = 1/ν), τ0 is single spin flip relaxation 
time, TSG is the freezing temperature corresponding to zero frequency and zν′ is the dynamic critical exponent. 
The estimated value of zν′ is 4.2 and τ0 ≈ 10−10 sec [Fig. 6(b)] from the ac susceptibility data again found to be in 
the same range to those of cluster glass compounds24.

Another dynamical law for glassy systems is the Vogel-Fulcher law,

ν ν=




−
−





E
K T T

exp
( ) (3)

a

B f
0

0

where ν0 is the attempt frequency, Ea is the activation energy and T0 is the Vogel-Fulcher temperature. The best 
fitted experimental data yields Ea/KB = 38.9 K and T0 = 33.6 K [Fig. 6(c)].

The glassy feature may also be demonstrated through dc magnetization measurement viz. memory effect as 
well as magnetic relaxation. Memory effect has been observed in bulk Sm0.4Ca0.6MnO3 compound [see 
Supplementary for full information]. The presence of cluster glass state in this compound is further proved by the 
analysis of temperature dependent magnetic relaxation data. According to Ulrich et al.25, the relaxation rate of 
remanent magnetization 


= − 


W(t) lnM(t)d

dt
 in a system consisting of magnetic clusters obey the decay law, 

W(t) = Bt−n, t ≥ t0, where B is a constant, t0 is crossover time and ‘n’ is a measure of the dipolar interaction 
strength among the magnetic clusters involved in the relaxation process.

In case of canonical spin glass, the value of ‘n’ remain almost constant, whereas it changes in case of clus-
ter glass systems. In our case, ‘n’ is found to be sensitive to both temperature as well as applied magnetic field 
(Fig. 7a,b). Such dynamic behaviour ‘n’ is also found for other two bulk compounds studied here. The fraction of 
glassy component in this compound thus certainly not static but found to be dependent on both temperature and 
magnetic field, thus confirming the presence of cluster glass state in bulk Sm1−xCaxMnO3 compounds.

All these results firmly establish cluster glass behaviour with the freezing of FM spins below Tf in the bulk 
Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6) compounds. The interface exchange coupling between these FM clusters and 
the CO AFM background lead to unidirectional shift of the hysteresis loops i.e. EB effect. Additionally, we have 
also seen that HE depends strongly on x where HE(x=0.4) ~ 2 HE(x=0.5) at 5 K. To understand the increase of HE with 
x, we have estimated the relative FM and AFM/PM fraction from the isothermal magnetization data using the 
relation, M(H) = P tanh(QH) + SH, where, P, Q and S are constants. The fraction remains almost conserved in 
all the three compounds suggesting that the FM volume fraction is not responsible for the increase of HE with 
increasing x. The above result leads to investigate the number and size distribution of the clusters with variation of 

Figure 6. (a) The temperature dependence of the real parts of the ac magnetic susceptibility of Sm0.4Ca0.6MnO3 
compound measured at different frequencies in an applied ac magnetic field of 3 Oe. (b) The frequency 
dependence of freezing temperature plotted as a log(τ) vs. log(t). (c) The frequency dependence of freezing 
temperature plotted as Tf vs. 1/ln(ω0/ω).



www.nature.com/scientificreports/

8Scientific RepoRts | 7: 3220  | DOI:10.1038/s41598-017-03451-z

x. Since HE is known to depend primarily on the FM and AFM interface area rather than the FM volume fraction, 
a system consisting of smaller clusters in larger number is expected to exhibit larger HE than systems with larger 
clusters with smaller number.

The average size of short range ferromagnetic clusters can be generally estimated following the formula given 
by Niebieskikwiat and Salamon in several phase separated manganite and cobaltite systems14. According to them, 
the cooling field (Hcool) dependence of HE can be expressed by the relation,

µ

µ
µ

− ∝



















+









H J
J
g

L H
K T

H
( ) (4)

E i
i

B

cool

B f
cool

0
2

where Ji is the interface exchange constant, g ≈ 2 is the gyromagnetic factor, μB is the Bohr Magneton, μ0 ≈ 3μB is 
the magnetic moment of the Mn core spin, L is the Langevin function, μ = Nνμ0 is the magnetic moment of ferro-
magnetic cluster, Nν is the number of spins in a cluster and Tf is the temperature below which glassy state exists. 
The first term in relation 4 dominates for small Hcool and HE depends on Ji

2. However the second term dominates 
for large Hcool and for Ji < 0 the value of HE decreases for higher Hcool. M(H) measured at different cooling fields 
(Hcool) for bulk Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6) samples (Fig. 8) shows that HE initially increases with Hcool and 
thereafter exhibits a decreasing tendency above Hcool ~ 8 T. Figure 8 show the HE as a function of Hcool along with 
the fit to Eq. 4 with an overall scale factor and Ji, Nν as adjustable parameters for all the bulk compounds. The 
exchange constant obtained from the best fit to the experimental data yields to be negative for all the samples, 
indicating the existence of FM clusters in AFM host (similar to that discussed earlier). For Sm0.5Ca0.5MnO3 com-
pound, we have deduced the value of Nν ≈ 14. We have also estimated the value of Nν from the earlier reported 
HEB vs. Hcool data for this particular system19 and found both the values of Nν to be very similar. The value of Nν 
systematically reduces to 10 for x = 0.55 and 8 for x = 0.6 compound. The average diameter of the FM clusters 
thus obtained are 18 Å, 16 Å and 14.9 Å derived using the lattice parameters of Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6) 
compounds respectively. The density (N) of FM droplets for all the compounds is estimated from the relation 
MS = Nμ, where MS is the saturation moment. The estimated values of ‘N’ are 3.6 × 10−4 Å−3, 5.4 × 10−4 Å−3 and 
6.5 × 10−4 Å−3 for x = 0.5, 0.55 and 0.6 analogues, respectively. This analysis clearly shows that as the x value 
increases, the size of the FM clusters decreases while its density increases, which has been shown schematically in 

Figure 7. Relaxation rate W(t) for bulk Sm0.4Ca0.6MnO3 compound with (a) variation of temperature and (b) 
variation of field.
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Fig. 9(a–c). For more generalization we have plotted the HE as a function of Ca-doping even for higher Ca con-
centration than x = 0.6. Our experimental study clearly reveals that with the increasing of the Ca-doping up to 
x = 0.6 HE increases, then decreases for x > 0.6 compositions qualitatively similar as TCO(x). Furthermore, using 
the size of FM clusters, exchange anisotropy constant can be calculated using the expression14

ν τ
µ

∼ −










−M
M

e H
K T

2 sinh
(5)

E

S

KV K T E

B
0

( / )B

where ν0 ~ 109 s−1 is the switching attempt frequency, τ ~ 102–103 s is the typical measurement time, kB is the 
Boltzmann constant, ‘V’ is the volume of FM clusters, μ is the magnetic moment of ferromagnetic clusters and 
‘K’ is the anisotropy constant, MS is the saturation magnetization. ME = (MR1 + MR2)/2 values of Sm1−xCaxMnO3 
(x = 0.5, 0.55, 0.6) compounds are 58 emu/mole, 66 emu/mole, 60 emu/mole, respectively, estimated from FC 
M-H isotherm shown in Fig. 3. In the compounds studied here, the value of the anisotropy constant estimated at 
a temperature 5 K are 2.3 × 106 erg/cm3, 3.3 × 106 erg/cm3 and 4.1 × 106 erg/cm3 for x = 0.5, 0.55 and 0.6, respec-
tively. These values are considerably larger than that reported for bulk FM manganites26.

The effect of the variation of the size of FM clusters, i.e., the effect of magnetic anisotropy can be qualitative 
obtained using Meiklejohn and Bean model7, estimated for FM/AFM thin films using the relation originally pro-
posed for PM/AFM multilayer thin films. According to this model, HE can be expressed as

µ
= −H JS S

t M (6)
E

AFM FM

FM FM0

where J is the exchange integral across the FM/AFM interface per unit area, SAFM and SFM are the interface mag-
netizations of the AFM and FM layers, respectively, and tFM and MFM are, respectively, the thickness and mag-
netization of the FM layer. By replacing the FM layer thickness with FM cluster size, the same model has been 
extensively used in phase separated manganite systems27. In our case, where FM clusters are dispersed in AFM 
matrix, as the size of FM clusters decreases, the term tFM decreases. Furthermore, the decrease of cluster size with 
increasing x leads to the decrease in magnetization of the FM clusters. As both the terms in the denominator 
of Eq. (5) decreases with increasing x value, HE increases. Hence, it can be shown qualitatively that with the 
decreasing size of FM clusters with corresponding increase in values of x in Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6) 
compounds, HE increases.

To conclude, we have correlated exchange bias field (HE) in CO manganites with the stability of charge order-
ing. For this, we have undertaken a detailed study of magnetic properties of CO Sm1−xCaxMnO3 (x = 0.5, 0.55 
and 0.6) bulk compounds and found that with increasing x value the TCO (and hence stability of CO) and the cor-
responding HE increases. Due to suppression of CO in nano form of Sm0.4Ca0.6MnO3, HE is reduced drastically as 
compared to that in bulk. We have estimated the size and density of the FM clusters (which introduces EB in the 
CO AFM system) and found that with increasing x, exchange anisotropy constant and density of clusters increases 
while their size decreases. We have also found that HE mimics the strength of CO stability in R1−xCaxMnO3 as 
R changes from La to Sm. From our observation it appears that the increase in HE with increasing CO stability 
may be a general behaviour for all CO systems and can be utilized in engineering large exchange bias materials.

Figure 8. Variation of HE with cooling magnetic field. Red lines represent the fitting using relation 4 for 
Sm1−xCaxMnO3 (x = 0.5, 0.55 and 0.6) bulk compounds.
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Methods
Polycrystalline samples of Sm1−xCaxMnO3 (x = 0.5, 0.55, 0.6) have been prepared by well known sol-gel tech-
nique. Sm2O3, CaCO3 and MnO2 were used as starting materials. Appropriate amount of oxides were separately 
dissolved in a HNO3 solution (Oxalic acid is also added in case of MnO2). These solutions were mixed, and an 
amount of citric acid equivalent to the total number of moles of metal ions was added under moderate heat-
ing and stirring conditions. Subsequently mixture was slowly evaporated at 80–90 °C in water bath resulting 
in the formation of gel which was heated to 250 °C to remove the organic matter and decompose the nitrates of 
the gel. The black ash thus obtained was grinded and further heated to 550 °C for 5 h to kick off the remaining 
organic matter and then pelletized. The pellets then finally sintered for 24 hours at 1250 °C to obtain bulk samples. 
Nanoparticles of Sm0.4Ca0.6MnO3 (Sm0.4Ca0.6MnO3-900) has been prepared by sintering the pellets at 900 °C for 
3 hours. X-ray diffraction (XRD) study was carried out, with Rigaku diffractometer in Brag-Brentano geometry, 
using Cu-Kα source having wavelength 1.54 Å. Magnetization was measured using VSM-SQUID magnetometer 
(Quantum Design). Some of the Magnetization measurements were carried out on a vibrating sample magneto-
meter (VSM) coupled to a 9 Tesla physical property measurement system (PPMS) (Quantum Design, USA) at 
UGC-DAE Consortium for Scientific Research, Mumbai Centre.

References
 1. Chikazumi, S. Physics of ferromagnetism 2nd ed. (Oxford University Press, 1997).
 2. Buschow, K. H. J. New developments in hard magnetic materials. Rep. Prog. Phys. 54, 1123–1213 (1991).
 3. Nogues, J. & Schuller, I. K. Exchange bias. J. Magn. Magn. Mater. 192, 203–232 (1999).
 4. Giri, S., Patra, M. & Majumdar, S. Exchange bias effect in alloys and compounds. J. Phys.: Condens. Matter 23, 073201(1)–073201(23) 

(2011).
 5. Chappert, C., Fert, A. & Dau, F. N. V. The emergence of spin electronics in data storage. Nat. Mater. 6, 813–823 (2007).
 6. Fukami, S. et al. Magnetization switching by spin–orbit torque in an antiferromagnet-ferromagnet bilayer system. Nat. Mater. 15, 

535–541 (2016).
 7. Meiklejohn, W. H. & Bean, C. P. New Magnetic Anisotropy. Phys. Rev. 102, 1413–1414 (1956).
 8. He, Q. L. et al. Tailoring exchange couplings in magnetic topological-insulator/antiferromagnet heterostructures. Nat. Mater. 16, 

94–100 (2017).
 9. Giri, S. K. & Nath, T. K. Exchange Bias Effect in Nanostructured Magnetic Oxides. J. Nanosci. Nanotechnol. 14, 1209–1230 (2014).
 10. Dutson, J. D. et al. Bulk and interfacial effects in exchange bias systems. J. Phys. D: Appl. Phys. 40, 1293–1299 (2007).
 11. Shenoy, V. B., Sarma, D. D. & Rao, C. N. R. Electronic Phase Separation in Correlated Oxides: The Phenomenon, Its Present Status 

and Future Prospects. Chem. Phys. Chem. 7, 2053–2059 (2006).
 12. Tokura, Y. Critical features of colossal magnetoresistive manganites. Rep. Prog. Phys. 69, 797(1)–797(55) (2006).
 13. Rao, C. N. R., Kundu, A. K., Seikh, M. M. & Sudheendra, L. Electronic phase separation in transition metal oxide systems. Dalton 

Trans. 19, 3003–3011 (2004).
 14. Niebieskikwiat, D. & Salamon, M. B. Intrinsic interface exchange coupling of ferromagnetic nanodomains in a charge ordered 

manganite. Phys. Rev. B 72, 174422(1)–174422(6) (2005).
 15. Mukherjee, A. & Majumdar, P. A Real Space Description of Magnetic Field Induced Melting in the Charge Ordered Manganites: I. 

The Clean Limit. Eur. Phys. J. B 87, 238(1)–238(13) (2014).
 16. Tokura, Y. & Tomioka, Y. Colossal magnetoresistive manganites. J. Mag. Mag. Mater. 200, 1–23 (1999).
 17. Hejtmánek, J. et al. Interplay between transport, magnetic, and ordering phenomena in Sm1−xCaxMnO3. Phys. Rev. B 60, 

14057–14065 (1999).
 18. Dediu, V., Ferdeghini, C., Matacotta, F. C., Nozar, P. & Ruani, G. Jahn-Teller Dynamics in Charge-Ordered Manganites from Raman 

Spectroscopy. Phys. Rev. Lett. 84, 4489–4492 (2000).
 19. Giri, S. K., Yusuf, S. M., Mukadam, M. D. & Nath, T. K. Enhanced exchange bias effect in size modulated Sm0.5Ca0.5MnO3 phase 

separated manganite. J. Appl. Phys. 115, 093906(1)–093906(10) (2014).
 20. Ling, L. et al. Short-range ordering state and cluster-glass behavior in electron-doped manganite Y0.4Ca0.6MnO3. Solid State 

Commun. 150, 1802–1806 (2010).
 21. Mukherjee, S., Mukherjee, R., Banerjee, S., Ranganathan, R. & Kumar, U. Glassy behavior in the layered perovskites La2−xSrxCoO4 

(1.1 ≤ x ≤ 1.3). J. Magn. Magn. Mater. 324, 928–933 (2012).

Figure 9. Schematic diagram showing variation of size and density of ferromagnetic clusters in phase co-
existing charge ordered Sm1−xCaxMnO3 (x = 0.5, 0.55 and 0.6) compounds.



www.nature.com/scientificreports/

1 1Scientific RepoRts | 7: 3220  | DOI:10.1038/s41598-017-03451-z

 22. Mydosh, J. A. Spin Glass:An Experimental Introduction. (Taylor and Francis: London, 1993).
 23. Pakhira, S., Mazumdar, C., Ranganathan., R., Giri, S. & Avdeev, M. Large magnetic cooling power involving frustrated 

antiferromagnetic spin-glass state in R2NiSi3. Phys. Rev. B 94, 104414(1)–104414(15) (2016).
 24. Mori, T. & Mamiya, H. Dynamical properties of a crystalline rare-earth boron cluster spin-glass system. Phys. Rev. B 68, 

214422(1)–214422(15) (2003).
 25. Ulrich, M., Otero, G., Rivas, J. & Bunde, A. Slow relaxation in ferromagnetic nanoparticles: Indication of spin-glass behaviour. Phys. 

Rev. B 67, 024416(1)–024416(4) (2003).
 26. Rivadulla, F. Effect of porosity on FMR linewidth of Ln0.67A0.33MnO3 (Ln = La, Pr; A = Ca, Sr). J. Magn. Magn. Mater. 196–197, 

470–472 (1999).
 27. Karmakar, S. Evidence of intrinsic exchange bias and its origin in spin-glass-like disordered L0.5Sr0.5MnO3 manganites (L = Y, 

Y0.5Sm0.5, and Y0.5La0.5). Phys. Rev. B 77, 144409(1)–(10) (2008).

Acknowledgements
This study is supported financially by the Department of Science and Technology (DST), India through Women 
Scientist Project (Ref. No. SR/WOS-A/PS-38/2013). We are thankful to UGC-DAE CSR, Kolkata, India for 
providing ac susceptibility measurement facility. The authors thank Baishakhi Biswas for help in sample 
preparation. Work at the CMP division of SINP is also supported by the CMPID-DAE project.

Author Contributions
P.D. prepared the samples and performed the experimental works. P.D., S.P. conducted the data analysis and 
K.D. gave the schematic diagram. P.D., K.D., S.P., C.M., Sa.M. and A.P. coordinated the study. Su.M. carried out 
EB measurement of some samples. P.D., K.D., and S.P. and C.M. wrote the draft of the manuscript. All authors 
reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03451-z
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-03451-z
http://creativecommons.org/licenses/by/4.0/

	Role of the stability of charge ordering in exchange bias effect in doped manganites
	Results and Discussion
	Methods
	Acknowledgements
	Figure 1 The temperature dependent magnetization of bulk Sm1−xCaxMnO3 (x = 0.
	Figure 2 Magnetization as a function of external magnetic field of bulk Sm1−xCaxMnO3 (x = 0.
	Figure 3 Magnetization as a function of external magnetic field for (a–c,e,f) bulk Sm1−xCaxMnO3 (x = 0.
	Figure 4 (a) Variation of HE and TCO as a function of Ca-concentration (x).
	Figure 5 M as a function of time t for bulk Sm1−xCaxMnO3 (x = 0.
	Figure 6 (a) The temperature dependence of the real parts of the ac magnetic susceptibility of Sm0.
	Figure 7 Relaxation rate W(t) for bulk Sm0.
	Figure 8 Variation of HE with cooling magnetic field.
	Figure 9 Schematic diagram showing variation of size and density of ferromagnetic clusters in phase co-existing charge ordered Sm1−xCaxMnO3 (x = 0.




