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ABSTRACT

We have investigated the influence of ruthenium doping on magnetic and

magnetocaloric properties of Pr0.67Ca0.33Mn1 - x RuxO3 (x = 0, 0.05, 0.1, 0.15, 0.2,

0.3, 0.5) compounds. X-ray results revealed that the samples have an

orthorhombic structure with Pnma space group. The magnetization analysis

also showed that Ru doping destroys CO antiferromagnetic and simultaneously

inducing ferromagnetism. Variation of lattice parameters and magnetization

measurements revealed the existence of mixed valence states of Ru3? and Ru4?.

With increasing Ru content, a slight increase in Curie temperature and mag-

netization values was observed until x = 0.15. At further Ru doping rates, a

considerable decrease was observed in Curie temperature and saturation

magnetization. Such a behavior at high Ru concentration rates in saturation

magnetization and Curie temperature was attributed to a smaller magnetic

moment of Ru4? than that of Mn3? and Mn4? and increase of AFM interaction

between the Ru3?– Mn3? and Ru3?– Mn4? pairs. The decrease in |DSm| was

attributed to the second-order magnetic phase transition and the reduction in

saturation magnetization.

1 Introduction

The magnetic cooling studies based upon the mag-

netocaloric effect (MCE) have become one of the most

attractive research areas in previous years due to

high energy saving and environmentally friendly

compared to traditional gas-compression based

refrigeration [1]. In this context, numerous studies on

MCE for different kinds of materials have been

published in the previous few decades [2–5]. The

previous studies have shown that magnetocaloric

materials must possess some important properties for

effective use of magnetic cooling technology such as

sufficiently high magnetic entropy change at very

low magnetic fields, a large working temperature

range near room temperature, low cost and easy

preparation methods [6]. Among the various poten-

tial magnetocaloric materials, due to its outstanding

features such as the high magnetization, practical

preparation methods, low price, good chemical sta-

bility, tunable Curie temperature (TC); the A-site and

B-site doped mixed-valence manganites
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(RE1 - xAxMn1 - yByO3) have been reported as

promising candidates in magnetic cooling applica-

tions [7].

Among the various manganites, Pr1 - xCaxMnO3

series has attracted great attention because of

exhibiting fairly rich and extraordinary magnetic and

transport properties. In particular, Pr0.67Ca0.33MnO3

alloy has come to the fore with its charge-order (CO)

state, ferromagnetic (FM) and antiferromagnetic

(AFM) coexistence, metamagnetic transition and

phase separation (PS) features [8–12]. Previous stud-

ies about Pr0.67Ca0.33MnO3 have shown that these

materials exhibit a charge-order transition at TCO

(200–230 K) [8, 9] and then followed by an antifer-

romagnetic transition at TN [10]. At relatively low

temperatures (T\ 120 K), a ferromagnetic (FM)

metallic phase begins to develop in the antiferro-

magnetic environment. The coexistence of FM and

AFM phases is called PS state [11]. Below the Curie

temperature (TC\ 60 K), the FM phase becomes

more pronounced. [9]. In previous studies, it has been

shown that the above-mentioned properties of

Pr0.67Ca0.33MnO3 are very sensitive to the magnetic

and electrical field, large enough pressure and optical

excitations [13]. Rather than these external effects, the

most spectacular effect, especially on the CO-AFM

state of Pr1 - xCaxMnO3, has been achieved by dop-

ing of the Mn-sites with various other transition

metals (Co, Cr, Ni, Mg, Al, Sc, Ti, Ga, Zn, In, Sn, Fe,

Ir) [14–16]. In recent years, among the various

dopands, Ru has been realized to be one of the most

effectual dopant causing important changes in mag-

netotransport properties [17–21]. In this context,

magnetic and transport properties of many Ru doped

manganites such as Pr0.6Ca0.4Mn1 - xRuxO3 [18],

Pr0.4Ca0.6Mn1 - xRuxO3 [19], Pr0.5Ca0.5Mn1 - xRuxO3

[20], Pr1 - xCaxMn1 - yRuyO3 [21] and other type of

CO-insulating manganites [22, 23] have been inves-

tigated in detail. In these studies, it has been reported

that a small amount of Ru doping causes the break-

down of the CO-AFM state and the emergence of the

FM state, resulting in an increase in the Curie tem-

perature (TC).

However, nearly all of the studies on the Ru dop-

ing effect in Pr1 - xCaxMnO3 type manganites are

about magnetic and transport properties [18, 19, 21].

Although the magnetocaloric properties of Pr1 - x-

CaxMnO3 type manganites have been studied suffi-

ciently [24], the studies on the effect of Ru doping on

magnetocaloric properties of Pr1 - xCaxMnO3 type

manganites are quite limited [20]. Therefore, in the

present work, the structural, magnetic and magne-

tocaloric properties of Ru doped Pr0.67Ca0.33Mn1 - x-

RuxO3 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5) compounds

have been studied in detail.

2 Experimental

Polycrystalline samples of Pr0.67Ca0.33Mn1 - xRuxO3

(x = 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5) were obtained by a

standard solid-state reaction method using stoichio-

metric mixtures of Pr6O11, CaCO3, MnO and RuO2.

Pre-sintering was done at 800 �C for 12 h. The pow-

ders mixed with grinding were given a disc shape

using a press. The disk-shaped specimens were first

sintered in air at 1200 �C for 24 h. The last sintering

process was actualized at 1350 �C in the air for 24 h.

With a cooling rate of 3 �C/min, all samples were

cooled to room temperature. The structural analyzes

were made by using X-ray diffraction and a scanning

electron microscope at room temperature. The mag-

netic measurements were performed using a Q-3398

(Cryogenic) magnetometer.

3 Results and discussion

Figure 1a shows the X-ray diffraction spectrum of the

Pr0.67Ca0.33Mn1 - xRuxO3 (x = 0, 0.05, 0.1, 0.15, 0.2,

0.3, 0.5) samples. X-ray diffraction patterns have

shown that all the samples have an orthorhombic

structure with Pnma space group. The lattice

parameters were obtained by comparing the results

from the simulation of the Rietveld enhancement

method using the GSAS-II software with the experi-

mental X-ray diffraction patterns. Vertical bars rep-

resent the positions of the Bragg reflections. The

Rietveld refinement showed an excellent agreement

between the calculated and observed patterns. This

agreement again confirms that the samples have a

single phase. The variation of lattice parameters (a, b

and c) and the unit cell volume (Vcell) as a function of

Ru concentration (x) are presented in Fig. 2. It has

observed that the lattice parameters (a, b, c) and as a

consequence cell volume (Vcell) increases almost lin-

early with increasing Ru content. One of the most

curious subjects in Ru-containing manganite has been

the determination of the valence states of Ru ions.

Although many studies have been performed on the
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effect of Ru substitution for Mn in manganites, there

is still no complete unanimity about the exact valence

states of Ru ions [18–23]. Considering the ionic radii,

it is clearly seen that the most pertinent valence states

of Ru should be Ru3? (0.68 Å), Ru4? (0.62 Å) and

Ru5? (0.565 Å) [25] in order to preserve the per-

ovskite structure. Well, which one or which ones of

them exist in present structure. Maignan et al. have

proposed the presence of Ru4? and Ru5? ions in

Pr0.5Sr0.5Mn1 - xRuxO3 compounds [17]. In X-ray

(b) x=0.1

(c) x=0.3

θ

Fig. 1 a X-ray diffraction

patterns of the

Pr.607Ca0.33Mn1 - xRuxO3

(x = 0, 0.05, 0.1, 0.15, 0.2,

0.3, 0.5) compounds at at

room temperature, b and c the

Rietveld refinement for

x = 0.1 and 0.3 samples
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photoelectron spectrum (XPS) analysis of La0.7Sr0.3-
Mn0.9Ru0.1O3 sample, Krishnan and Ju have claimed

that Ru3? and Ru4? coexist in the structure [26]. In

addition, Sahu and Manoharan [27] found a clear

evidence of Ru5? ion in the La0.6Pb0.4Mn1 - xRuxO3

alloy by using X-ray absorption measurements.

However, another X-ray study on the La1 - xNaxMn1–

yRuyO3?d alloys has verified that Ru5? ion is not

present in this alloy [28]. Lakshmi et al. [29, 30] has

conducted studies on the valence state of Ru in the

La0.67Ca0.33Mn1 - xRuxO3 alloy and concluded that

Ru3? and Ru4? states should exist in the alloy.

The variation of lattice parameters with Ru content

gives very important clues about the valence state of

Ru. From the variation of the lattice parameters in Ru

doped samples, an estimate can be made indirectly

about the valence state of Ru ions. If the ionic radii of

Ru4?/5? (Ru4? = 0.62 Å and Ru5? = 0.565 Å) and

Mn3?/4? (Mn3? = 0.645 Å and Mn4? = 0.53 Å) are

considered, the presence of Ru4?/5? is expected to

introduce a decrease in the lattice parameters. How-

ever, the considerable increase in lattice parameters

of present Ru doped samples (Fig. 2), eliminates the

presence of Ru5? in the structure and points to other

two possibilities. In this case, the most likely possi-

bility is the presence of either Ru3? or Ru4? where the

ionic radius of Ru3? (0.68 Å) and Ru4? (0.62 Å) are

large to cause such an increase in lattice parameters.

Here, three distinct possibilities can be suggested

about the valence state of Ru in examining samples.

These possibilities are only Ru3?, only Ru4? and

mixed-state of Ru3? and Ru4? respectively. All the

suggested possibilities could cause the expected

enlargement in lattice parameters. It would not be

very persuasive to make an estimate the valence

states of Ru in the examined samples by taking into

account the change in lattice parameters alone.

Therefore, the valence state of Ru in the present

compound will be re-examined in detail, taking into

account magnetic measurements. However, infer-

ences from magnetization measurements, as will be

discussed in detail later on, do not favor the presence

of Ru3? or Ru4? alone. This strengthens the possi-

bility of the existence of Ru3? and Ru4? mixed

valence states in present compounds.

Figure 3 shows the typical SEM micrographs for

Pr0.67Ca0.33Mn1 - xRuxO3 (x = 0, 0.05, 0.1, 0.2, 0.3, 0.5)

samples with a magnification of 10,000. It is clearly

Fig. 2 Concentration dependence of lattice parameters and the unit-cell volume of the Pr.607Ca0.33Mn1 - xRuxO3 (x = 0, 0.05, 0.1, 0.15,

0.2, 0.3, 0.5) compounds
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seen that SEM pictures point out a smooth and

homogeneous polycrystalline structure. The mean

particle size is in the range of 6–14 lm for undoped

sample (x = 0). The grain size is found to significantly

decrease to 0.5–2 lm for x = 0.5 with increased Ru

content. Lakshmi et al. [29, 30] have also reported a

alike reduction in particle size with Ru content for

La0.67Ca0.33Mn1 - xRuxO3 (0 B x\ 0.1) samples.

Figure 4 shows the temperature dependence of

magnetization for Pr0.67Ca0.33Mn1 - xRuxO3 (x = 0,

Fig. 3 SEM micrographs of the Pr.607Ca0.33Mn1 - xRuxO3 (x = 0, 0.05, 0.1, 0.2, 0.3, 0.5) compounds
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0.05, 0.1, 0.15, 0.2, 0.3, 0.5) samples. The data were

taken under an applied magnetic field of 0.1 T. The

magnetization curves in Fig. 4 for the parent com-

pound (x = 0) attract attention with their different

behavior from the others. It is clearly seen that the

parent compound exhibits multiple magnetic transi-

tions. With the decrease of temperature from 275 K,

the magnetization gradually increases and then

slightly decreases around the TCO = 210 K. As

marked in Fig. 4, observed this small broad peak on

the magnetization curve has been attributed to exis-

tence of CO state. Towards to lower temperatures, a

marked anomaly occurred at 167 K as a very weak

kink in the magnetization curve indicates the start of

the AFM ordering at that temperature. Towards to

lower temperatures, the increase in magnetization

curves refers the increase of FM phase. From the

magnetization examinations, it has been inferred that

that ferromagnetic and charge-ordered AFM phases

exist at the same time and ferromagnetic phase grows

up in the charge-ordered AFM media. For a magnetic

field H = 0.1 T, a more apparent FM phase becomes

emerge at TC = 45 K. All the magnetization curves for

Ru doped samples (x = 0.05, 0.1, 0.15, 0.2, 0.3, 0.5)

show a transition from paramagnetic to ferromag-

netic at their Curie temperature (TC) and no evidence

of CO transition is observed in the magnetization

curves. The signatures of antiferromagnetic ordering

completely disappear the magnetization measure-

ments have revealed that the Ru substitution in

Pr0.67Ca0.33Mn1 - xRuxO3 manganites demolishes the

charge-ordered AFM phase and simultaneously

inducing ferromagnetism and metallicity. The Curie

temperature, Tc, generally determined by the tem-

perature of the minimum value for |dM/dT|. The

Curie temperatures were determined to be 45 K,

98 K, 167 K, 185 K, 182 K, 171 K and 142 K for x = 0,

0.05, 0.1, 0.15, 0.2, 0.3 and 0.5 respectively. The vari-

ation of TC with increasing Ru content was given

inset in Fig. 4. As can be seen, TC first increases from

45 K for x = 0 to 185 K for x = 0.15 and then

decreases back to 142 K as x increases to 0.5. The

similar behavior of TC with increasing dopant (x) has

also been observed in some other Ru doped per-

ovskites such as Pr1 - xCaxMn1 - xRuxO3 (0 B x

B 0.6) [21], Pr0.8Na0.2Mn1 - xRuxO3 (0 B x B 0.2) [22]

Fig. 4 The temperature dependence of magnetization for Pr.607Ca0.33Mn1 - xRuxO3 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5) compounds. The

inset presents the variation of TC with Ru content
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and La0.72 - xCa0.31?xMn1 - xRuxO3 (0 B x B 0.3) [31].

Wang et al. [21] has concluded that that the FM state

has replaced by the weak AFM state or paramagnetic

state in the high x-range. Ji et al. [22] have asserted

that in pristine sample, the CO and antiferromag-

netism competes with double-exchange (DE) induced

ferromagnetism and at low concentrations of Ru

leads to the TC enhancement. They have also deduced

that at larger concentration rates the DE interaction is

weakening again due to the over compensated den-

sity of the hole.

Figure 5 shows the magnetic field dependence of

magnetization for Pr0.67Ca0.33Mn1 - xRuxO3 (x = 0,

0.05, 0.1, 0.15, 0.3, 0.5) at various temperatures. As can

be seen in Fig. 5, the magnetization isotherms for the

pristine sample (x = 0) show paramagnetic behavior

above the CO transition temperature (TCO = 210 K).

At lower temperatures than that of CO transition, the

magnetization shows a rapid increase at above 4 T

magnetic field. As the temperature comes near to the

Curie point (TC = 45 K), magnetization jumps con-

tinue, but the critical magnetic field that causes these

jumps nearly reduces to 1 T. Well below the Curie

temperature (T\ 20 K), the magnetization curves

display almost ferromagnetic behavior. The uncon-

ventional step-like behavior in magnetization iso-

therms has been attributed to partly repression of

charge-ordered AFM state under an applied field.

This situation in general called as metamagnetic

transition and interpreted based on the scenario of PS

[8–11]. At low temperatures, due to the contention

between the FM and AFM-CO phases, the sample

gets into a strongly blocked regime. At that point, if

the magnetic field reaches up the critical value, the

ferromagnetic phase could cope the antiferromag-

netic phase and consequently a sudden increase is

observed in magnetization curves. Interestingly,

metamagnetic transitions could be observed, albeit

slightly, in the magnetization curves of the x = 0.05

sample. This means that the CO-AFM state is still

dominance, albeit slightly weakened. As can be seen

in Fig. 5, in higher Ru doped samples (x = 0.1, 0.3,

0.5), the signatures of antiferromagnetic ordering

completely disappear. The magnetization curves for

all samples exhibit typical FM behavior. At low

temperatures (T\TC), the magnetization curves

increase rapidly and reach the maximum value even

at lower magnetic fields. At high temperatures

(T[TC), the magnetization isotherms show a linear

tendency with the magnetic field as in fully

paramagnetic materials. The field dependence of

magnetization for Pr0.67Ca0.33Mn1 - xRuxO3 (x = 0,

0.05, 0.1, 0.15, 0.2, 0.3, 0.5) samples at 5 K and at

magnetic field interval of - 7 to 7 T also given in

Fig. 5. The saturation magnetization is determined to

be 80.58, 85.78, 81.49, 75.24, 73.92, 69.37 and

38.44 emu/g for x = 0, 0.05, 0.1, 0.15, 0.2, 0.3 and 0.5

samples, respectively. It is clearly seen that the sat-

uration magnetization first increases 80.58 emu/g for

x = 0 to 85.78 emu/g for x = 0.05 and then mono-

tonically decreases with increasing Ru content. Wang

et al. [21] has observed the same trend in saturation

magnetization for Pr1 - xCaxMn1 - xRuxO3 (0 - B

x B 0.6). Such a behavior at high Ru concentration

rates in saturation magnetization is attributed to a

smaller magnetic moment of Ru4? than that of Mn3?

and Mn4? and relatively weaker Ru–Ru interactions.

In order to check the accuracy of our above pre-

diction about the probable valency states of ruthe-

nium, the effective (leff), saturation (lS) and

theoretical (lt) magnetic moments per formula unit

have been determined and compared each other. By

using the Curie–Weiss law, a detailed analysis of the

inverse magnetic susceptibility in the paramagnetic

region has been carried out. The variation of inverse

magnetic susceptibility (H/M) with temperature for

present samples at a 0.1 T magnetic field is given in

Fig. 6a. All the curves have fitted with the Curie–

Weiss law vðM=HÞ ¼ C=ðT � hCÞ, where hC is called

as the paramagnetic Curie temperature and C is the

Curie constant. In that calculation, hC was deter-

mined to be 40.41, 110.23, 186.59, 192.21, 186.44,

184.33 and 159.07 K for x = 0, 0.05, 0.1, 0.15, 0.2, 0.3

and 0.5, respectively. The calculated hC values are a

little bit higher than their Curie temperatures. As can

be seen from the results, the positive value of hC point

outs the FM interactions. In some previous studies,

the divergence between hC and TC values have been

attributed to broad magnetic transition [32] or mag-

netic in homogeneities [33]. The Curie constant (C)

was calculated to be 0.0257, 0.0210, 0.0177, 0.0149,

0.0134, 0.0120 and 0.0088 emu K/g. Oe for x = 0, 0.05,

0.1, 0.15, 0.2, 0.3 and 0.5, respectively. The effective

magnetic moment was determined using

C ¼ NA l2eff=3 kB. leff was calculated to be 3.75, 3.39,

3.11, 2.86, 2.70, 2.32 and 1.45lB for the x = 0, 0.05, 0.1,

0.15, 0.2, 0.3 and 0.5 samples, respectively. Figure 6b

shows the variation of leff with increasing Ru

content.
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Determining the saturation magnetization as satu-

ration magnetic moments lS (lB/f.u) will provide the

magnetic moments could be compared with each

other. The saturation magnetic moments could be

determined by using the following equation:

lS ¼ MSW

NlB
; ð1Þ

where N is Avogadro’s number, lB is the Bohr

magneton, MS is the saturation magnetization and W

Fig. 5 Isothermal magnetization curves at various temperatures for Pr.607Ca0.33Mn1–xRuxO3 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5) and the

field dependence of the magnetization at 5 K in the range of - 7 to 7 T applied magneticfield
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is the molecular weight of the Pr0.67Ca0.33Mn1-xRux-

O3 compounds. lS was calculated to be 3.035, 3.298,

2.928, 2.784, 2.547, 2.234, 1.306 lB for x = 0, 0.05, 0.1,

0.15, 0.2, 0.3, 0.5 and illustrated in Fig. 6b. In order to

confirm the accuracy of valence states attributed to

Ru in examining samples, the magnetic moments per

formula unit have been calculated theoretically in the

case of possible Ru3?, Ru4?, and Ru3?/Ru4? valence

states in the compounds. The chemical formulas for

Ru3?, Ru4? and Ru3?/Ru4?- substituted compounds

can be illustrated by the following equations:

Pr3þ0:67Ca
2þ
0:33ðMn1�xRuxÞ3þ0:67Mn4þ

0:33O
2�
3 ; ð2Þ

Fig. 6 a Temperature

dependence of the inverse

susceptibility (H/M) for the

x = x = 0, 0.05, 0.1, 0.15, 0.2,

0.3, 0.5 samples. The solid

lines correspond to the Curie–

Weiss law fit to the

susceptibility data. b The

variation of saturation

magnetic moment (ls),
effective magnetic moment

(leff) and calculated magnetic

moments (lt) in the case of

Ru3?, Ru4? and Ru3?/Ru4?

as a function of Ru

concentration (x)
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Pr3þ0:67Ca
2þ
0:33Mn3þ0:67ðMn1�xRuxÞ4þ0:33O2�

3 ; ð3Þ

Pr3þ0:67Ca
2þ
0:33ðMn1�xRuxÞ3þ0:67ðMn1�xRuxÞ4þ0:33O

2�
3 : ð4Þ

All the above-mentioned chemical formulas lead to

a ferromagnetic moment as follows equations:

lt ¼ 0:67� 0:67xð ÞlMn3þ � 0:67xlRu3þ þ 0:33lMn4þ ;

ð5Þ

lt ¼ 0:67lMn3þ þ 0:33� 0:33xð ÞlMn4þ þ 0:33xlRu4þ ;

ð6Þ

lt ¼ 0:67þ 0:67xð ÞlMn3þ � 0:67xlRu3þ
þ 0:33� 0:33xð ÞlMn4þ þ 0:33xlRu4þ ; ð7Þ

where lMn3þ ¼ 4lB, lMn4þ ¼ 3lB, lRu3þ ¼ 3lB and

lRu4þ ¼ 2lB. In addition to leff and ls, the variation of

lt with Ru content is illustrated in Fig. 6b with open

symbols. As seen in Fig. 6b, while the calculated lt
values for Ru3?/Ru4? are nearly matched the

experimentally determined leff and lS, for Ru
3? and

Ru4? deviate from experimental results. The magne-

tization results presented in Fig. 6b support the

existence of mixed-valence state of Ru3? and Ru4? in

the considered samples. Furthermore, the obtained

results confirm the previously suggested estimates

about valence states of Ru. What has been done

regarding the valence state of Ru in this study is just

an estimation. Despite the variation of the lattice

parameters and magnetization measurements give

important clues about the valence state of Ru, it is still

needed further detailed investigations such as X-ray

photoelectron spectroscopy (XPS) [26].

A magnetic entropy change associated with MCE

in a certain temperature interval and at an applied

magnetic field is generally calculated using magne-

tization curves (Fig. 5) and the following equation:

DSmðT;HÞ ¼
Z Hmax

0

oM

oT

� �
H

dH: ð8Þ

In determining the magnetic entropy change, DSm,
from isothermal magnetization curves, generally an

equivalent approximation (Eq. 9) of the integral in

Eq. 8 is used.

DSmj j ¼
X
i

Mi �Miþ1

Tiþ1 � Ti
DH: ð9Þ

The magnetic entropy change in pristine (x = 0)

sample has been investigated in detail in previous

studies [8, 9]. Therefore, the results for x = 0 sample

were not given here. The calculated magnetic entropy

changes for x = 0.05, 0.1, 0.2, 0.3 and 0.5 samples are

given in Fig. 7. The maximum value of |DSm| and

the temperature value at which |DSm| is maximum

tend to an increment with increasing magnetic field.

Figure 7 also shows the |DSm| for x = 0.05, 0.1, 0.15,

0.2, 0.3, 0.5 samples at 5 T magnetic field Fig. 7

clearly shows the decrease in the peak value of the

|DSm| with increasing Ru concentration. Peak values

of |DSm| were determined to be decreased from

3.91 J/kg.K for x = 0.05 to 1.37 J/kg.K for x = 0.5 at

5 T magnetic field. The variation of |DSm| is in

agreement with that of previous Ru doped Pr0.5-
Ca0.5Mn1-xRux (x = 0.03, 0.05, 0.1) [20] and Nd0.5-

Ca0.5Mn1-yRuyO3 (y = 0, 0.03, 0.05, 0.1) [23]

manganites. In doped manganites, the variation in

the peak values of |DSm| is generally interpreted as

depending the magnetization value and the type of

magnetic phase transition, which are the basic

parameters that determine the value of the magnetic

entropy change of a sample. As discussed above, the

saturation magnetization decreased from 85.78 emu/

g for x = 0.05 to 38.44 emu/g for x = 0.5 which is one

of the clear evidence of the decrease in |DSm|. In
order to fully understand the change in |DSm| with

Ru doping, the type of the magnetic phase transition

must also be clarified.

In order for a magnetic material to be considered

an effective magnetic coolant, it is not sufficient to

simply have a large |DSm| value. The temperature

interval in which |DSm| maintains the maximum

value are also very significant. In this case, one of the

accepted criteria to appreciate refrigeration efficiency

is the relative cooling power (RCP). It is described as

the peak value of |DSm| and the temperature of full

width at half maximum ( =|DSm|. dTFWHM) and

determines the value of heat transfer from a hot area

to a cold area in a thermodynamic cycle. The esti-

mated RCP values (at 5 T magnetic field change) are

343.68, 441.99, 290.69, 207.82, 213.39 and 130.12 J/kg

for the x = 0.05, 0.1, 0.15, 0.2, 0.3 and 0.5, respectively.

The calculated RCP values of present samples are

comparable or larger than those of other Ru-doped

manganites. For Pr0.5Ca0.5Mn1-xRuxO3, the RCP was

reported to increase from 284.9 J/kg for x = 0.03 to

303.6 J/kg for x = 0.1 [20]. For Nd0.5Ca0.5Mn1-yRuyO3

(y = 0, 0.03, 0.05 and 0.10), the RCP values were

reported to decrease from 268 J/kg for x = 0.03 to

234 J/kg for x = 0.1 [23]. Such a high RCP value of

magnetocaloric materials is usually attributed to the
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rather high dTFWHM values due to the second-order

magnetic phase transition.

So as to sure the nature of the phase transition of

examining materials, it must be clarified by using

various techniques. It is seen that many techniques

are used in the literature in determining the nature of

phase transitions [6]. The slope of the Arrott plots

indicates whether a phase transition is in first or

second-order. In accordance with the Banerjee

criterion [34], the positive slope of Arrott curves,

points out a second-order phase transition. Other-

wise, if curves near the transition temperature show a

negative slope, then the magnetic transition is first-

order. Figure 8 shows the Arrott plots for Pr0.67-
Ca0.33Mn1-xRuxO3 (x = 0, 0.05, 0.1, 0.2, 0.5) samples.

The negative slopes of M2 versus H/M curves for

pristine (x = 0) sample are a clear indication of a first-

order phase transition from ferromagnetic to

Fig. 7 Magnetic entropy change for x = 0.05, 0.1, 0.2, 0.3, 0.5 samples at various magnetic fields and magnetic entropy change for

x = 0.05, 0.1, 0.15, 0.2, 0.3 and 0.5 samples at 5 T magnetic field
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paramagnetic state. Interestingly, the Arrott plots for

x = 0.05 exhibits an almost mixed behavior of first

and second-order magnetic phase transition. To

clarify the nature of the phase transition whether it is

in first-order or second-order especially for x = 0.05

sample, further detailed investigation is needed. For

further Ru concentration rates (x C 0.1), the positive

slope of Arrott plots reveals that the magnetic phase

transition has changed from first-order to second-

order with increasing Ru content. The first and sec-

ond-order character of phase transition for x = 0,

0.05, 0.1, 0.15, 0.2, 0.3, 0.5 samples are clearly seen in

Fig. 8 Arrott plots for for x = 0, 0.05, 0.1, 0.2 and 0.5 samples at various temperatures and Arrott plots for x = 0, 0.05, 0.1, 0.15, 0.2, 0.3,

0.5 at their transition temperatures
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Arrott plots (Fig. 8) given only at their Curie tem-

peratures. More detailed study of phase transition

nature near the Curie temperature has been carried

out using the Landau theory. The magnetic free

energy F (M, T) can be expanded as a power of the

magnetization M, neglecting higher order contribu-

tions as;

F M;Tð Þ ¼ c1 Tð Þ
2

M2 þ c3 Tð Þ
4

M4 þ c5 Tð Þ
6

M6 �MH:

ð10Þ

Here, c1 (T), c3 (T) and c5 (T) are denoting the

Landau coefficients and the sign of the c3 (T) defines

the type of the magnetic phase transition. While in

the case of c3 (T)\ 0 a first-order phase transition is

expected, in the case of c3 (T)[ 0, a second-order

phase transition is expected. From the condition of qF
(M, T)/qM = 0, we obtain;

H ¼ c1 Tð ÞMþ c3 Tð ÞM3 þ c5 Tð ÞM5; ð11aÞ
H

M
¼ c1 Tð Þ þ c3 Tð ÞM2 þ c5 Tð ÞM4: ð11bÞ

The Landau coefficients were determined by fitting

Eq. 11a to magnetization isotherms (Fig. 5). Another

possibility is to fit the Eq. 11b to Arrott plots (Fig. 8),

the determined Landau coefficients are shown in

Fig. 9 for Pr0.67Ca0.33Mn1-xRuxO3 (x = 0.05, 0.1, 0.2,

0.5) compounds. The positive values of c3 (T) for Ru

doped samples at transition temperatures indicate

that the magnetic phase transitions are in second-

order.

By taking the derivative of the free energy with

respect to the temperature, DSm is obtained as;

DSm T;Hð Þ ¼ � 1

2

oc1 Tð Þ
oT

M2 � 1

4

oc3 Tð Þ
oT

M4

� 1

6

oc5 Tð Þ
oT

M6: ð12Þ

Using the value of c1 (T), c3 (T) and c5 (T) coeffi-

cients (Fig. 9) and their derivative in Eq. 12, the DSm
was calculated theoretically under a magnetic field

change of 1 T for x = 0.05, 0.1, 0.2 and 0.5 samples.

The calculated and experimental magnetic entropy

changes are shown in Fig. 10 for x = 0.05, 0.1, 0.2 and

0.5 samples at 1 T magnetic field. While the agree-

ment between experimental and theoretical data at

low Ru concentrations (x = 0.05 and 0.1 were given in

Fig. 10) is at a satisfactory level, a small deviation,

especially at lower temperatures, between experi-

mental ant theoretical data for the further Ru doping

levels (x = 0.2 and 0.5 were given in Fig. 10) is clearly

seen. The agreement between theoretical and exper-

imental results are generally attributed to the mag-

netoelastic coupling (interaction between the

magnetization and the strain of a magnetic material)

and electron interaction have strong influence in

determining the magnetocaloric effect of examining

materials [35]. In the case of small deviations between

experimental and theoretical results as in x = 0.2 and

0.5 samples, it has been concluded that the magne-

toelastic coupling and electron interaction do not

contribute directly to the magnetic entropy. This

small deviation observed between the experimental

and theoretical data is generally attributed to the

existence of mixed phases especially at lower tem-

peratures [36–41].

Another technique most commonly used to deter-

mine the order of magnetic phase transitions is to

investigate the field dependence of the DSm using the

relation expressed as:

DSm T;Hð Þ ¼ CHn; ð13Þ

where C is a constant and n is the exponent related to

the magnetic state of samples [42, 43]. Determining

the values of the exponent n at particular tempera-

tures gives important clue about the type of the phase

transition in the present compounds. The Curie–

Weiss law foresees that the value of n will approach

to n = 2 in the paramagnetic phase above the Curie

temperature. In ferromagnetic phase (well below the

transition temperature), n shows a trend approaching

n = 1 [43]. Near the Curie temperature, the variation

of n is completely depends on the type of phase

transition. At the transition temperature (T = TC), n

exceeding 2 (n[ 2) is attributed to a first-order phase

transition [44]. At a given temperature and magnetic

field, the exponent n is determined using logarithmic

derivative of DSm (T, H) [42]:

n T;Hð Þ ¼ dln DSm T;Hð Þð Þ
dln Hð Þ : ð14Þ

The determined n values for the Pr0.67Ca0.33-
Mn1-xRuxO3 (x = 0, 0.05 and 0.5) compounds are

given in Fig. 11 as a function of temperature. For all

Ru doped samples, exponent n shows a minimum at

transition temperature. In pristine sample (x = 0), the

exponent n exhibits a different behavior at the tran-

sition temperature. Figure 11 shows that exponent n

has a maximum that exceeds 2 at the transition

temperature for pristine sample. The variation of
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n for x = 0, 0.05, 0.1, 0.15, 0.2, 0.3, 0.5 at 5 T magnetic

field is also given in Fig. 11. It is clearly seen that the

variation of n with temperature for pristine sample is

quite different from that of Ru doped samples. While

the variation of n in pristine sample exhibits a first-

order magnetic phase transition behavior, the Ru

Fig. 9 The temperature dependence of c1 (T.g/emu), c3 (T.g
3/emu3) and c5 (T.g

5/emu5) for x = 0.05, 0.1, 0.2, 0.5 samples
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doped samples display a second-order phase transi-

tion behavior.

4 Conclusions

We have investigated the influence of Ru doping on

structural, magnetic and magnetocaloric properties of

Pr0.67Ca0.33Mn1-xRuxO3 (x = 0, 0.05, 0.1, 0.15, 0.2, 0.3,

0.5) compounds. The standard solid-state process

prepared the polycrystalline samples. X-ray results

pointed out that all the samples crystallize in an

orthorhombic structure in Pnma space group. The

small broad peak observed on the magnetization

curve for the parent compound (x = 0) at TCO-

= 210 K was attributed to the existence of antiferro-

magnetic charge ordered state. The magnetization

measurements also showed that Ru doping destroys

CO antiferromagnetism and simultaneously inducing

ferromagnetism and metallicity. Variation of lattice

parameters and magnetization measurements

revealed the existence of mixed valence states of Ru3?

and Ru4?. With increasing Ru content, a slight

increase in Curie temperature and saturation mag-

netization were observed up to x = 0.15. But for the

further Ru doping, a considerable decrease was

observed in Curie temperature and saturation mag-

netization. Such a behavior at high Ru concentration

rates in saturation magnetization and Curie temper-

ature was attributed to a smaller magnetic moment of

Ru4? than that of Mn3? and Mn4? and increase of

AFM interaction between the Ru3?– Mn3? and Ru3?–

Mn4? pairs. Variation of lattice parameters and

magnetization measurements revealed the existence

of mixed valence states of Ru3? and Ru4?. The

decrease in |DSm| (from 3.91 J/kg.K for x = 0.05 to

1.37 J/kg.K for x = 0.5 at 5 T) was ascribed to the

second-order magnetic phase transition and the

reduction in saturation magnetization. The larger

RCP value was reported to be 441.99 J/kg for x = 0.1

sample at 5 T magnetic field change. Such a high RCP

Fig. 10 Experimental and theoretical magnetic entropy change for x = 0.05, 0.1, 0.2, 0.5 samples at 1 T magnetic field
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value was attributed to the rather high dTFWHM val-

ues due to the second-order magnetic phase transi-

tion. The relatively large value of the RCP, the

tunable Curie temperature by Ru substitution make

these compounds attractive candidates for magnetic

refrigeration applications just below room tempera-

ture. In this study, the structural, magnetic and

magnetocaloric properties of the samples prepared in

terms of cooling technology were examined for the

first time by us and their suitability for magnetic

cooling technology was revealed.
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