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The influence of Ag+ ions and Mn non-stoichiometry on the magnetic properties and magnetocaloric effect in
the Lag g_xAgxMn 103 compounds has been studied. The AgJr ions content substituting for trivalent lanthanum
ions was varied from x = 0.05 to 0.3. Magnetic measurements have been performed over a wide temperature
(350-5 K) and magnetic field (up to 5 T) ranges. All the manganites studied show the ferromagnetic-like order-
ing with a first order magnetic phase transition. The magnetic entropy changes were evaluated from the isother-
mal curves of magnetization versus an applied magnetic field using both the thermodynamic Maxwell relation
(MR) and calculation based on the Landau theory of phase transitions. The largest values of the magnetocaloric
effect as well as the relative cooling power among the studied manganites are equal to 5.76 J/(kg-K) and
185 J/kg, respectively, for Lag 7Agg.2Mn1 103 in the magnetic field change of 5 T near the Curie temperature of
Tc = 271 K. A good correlation between the magnetization, colossal magnetoresistance and magnetic entropy
changes as a function of Ag concentration in the Lag g_xAgxMn;.103 manganites was established.

PACS: 65.40.gd Entropy;

75.30.Sg Magnetocaloric effect, magnetic cooling;

75.47.Np Metals and alloys;
75.47.Lx Magnetic oxides;
75.60.Ej

Magnetization curves, hysteresis, Barkhausen and related effects.

Keywords: Lag g_xAgxMn1 103 manganites, magnetization, magnetic entropy, magnetocaloric effect, magnetore-

sistance.

1. Introduction

In recent years, there has been increasing interest to use
manganites not only as materials with colossal magneto-
resistance, but also as materials with promising magne-
tocaloric properties.

Most studies have been carried out on the self-doped
La;—xMn1+xO3 manganites or Laj_xAxMnOs manganites
with stoichiometric content of manganese doped with two
valence A cations, where A are the alkaline-earth ions
(Ca2+, Sr2+, ...) [1,2]. The investigations have shown high

enough magnetocaloric effect (MCE) in these compounds.
The largest reported value of the magnetocaloric effect in
La;_xCaxMnO3 was found to be 6.25 J/(kg-K) at 216 K
upon magnetic field change of 1 T for x = 0.3 which exhibits
a first order paramagnetic—ferromagnetic transition [3].
Similar to divalent A cations, monovalent cations can
also change the valence of manganese. Indeed, it has been
observed that monovalent cations (like sodium, potassium
or silver) are able to induce ferromagnetism in LaMnO3
with the Curie temperatures ranging from 180 to 340 K
[4-7] and to lead to large magnetocaloric effects. At non-
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isovalent replacement of A cation an electric neutrality can
be achieved not only by changing valence of manganese
(Mn3+—>Mn4+), but also by structural defects connected
with formation of anion vacancies. Such mechanism of
charge compensation caused by anion vacancies is of par-
ticular interest in the study of manganites at replacement of
A cation by monovalent ions.

In a series of papers, an influence of replacement of three
valence La cation by monovalent ions, such as K" [8,9] or
Na* [10], on the magnetic behavior of manganites has been
studied. The lanthanide manganites doped with monova-
lent cations like sodium or potassium display significant
magnetic entropy change induced by the applied magnetic
field. The studies of La;_yKxMnO3 (0 < x < 0.15) reveal
that the maximum magnetic entropy change (ASmay) is in-
creased with increasing potassium content from 2.73 J/(kg-K)
at 260 K for x = 0.05 to 3 J/(kg:K) at 309 K for x = 0.15
under H =1 T [8]. The maximum value of MCE at 500 Oe
was found to vary from AT = 0.017 K for Lag 95Kg,05sMnO3
to AT =0.107 K for Lag.g7Ko.13MnO3 [9].

The study of magnetic properties of Laj_yNaxyMnOj3
samples (x = 0.08-0.16) has shown that at low temperatures
all the samples are ferromagnetic and the temperature of
transition from paramagnetic to ferromagnetic state increases
with increasing sodium content [10]. For the LaggNag2MnOs3
sample, the (ASmax) value is found to be 0.43 J/(kg:-K) at
333 K in a magnetic field change of 1 T [11]. The magne-
tocaloric properties reported for La;_xNayMnO3 (x = 0-0.15)
show that the magnetic entropy change reaches the highest
value of 2.178 J/(kg-K) at 298 K at the applied magnetic
field of 1 T for x = 0.1 [12].

The Lai—xAgxMnO3z manganites are the example of
such group of compounds in the case of the substitution of
La>" ions for monovalence ions [13]. A replacement of La
ions by AgJr ions should lead both to the mixed valence
states of manganese ions (Mn3Jr and Mn4+) and intrinsic
inhomogeneities connected with the occurrence of anion
and cation vacancies. According to the principle of electric
neutrality, at substitution of trivalent lanthanum for mono-
valent Ag+ ions a charge compensation occurs due to in-
crease of the average valence of manganese ions, i.e., a
part of manganese ions in the B positions becomes tetrava-
lent (Mn3+—>Mn4+). This should surely cause a change of
magnetic properties of the La;_xAgyMnO3 manganites as a
result of the competition between antiferromagnetic super-
exchange and ferromagnetic double-exchange interactions.

The measurements of magnetic and magnetocaloric
properties of Ag-doped lanthanum manganites were pre-
sented in a few reports [14-16]. For example, the mag-
netocaloric effect in the polycrystalline LaggAgg.2MnO3
perovskite-type manganite was found to be considerably
higher than in other perovskite compounds, in which La is
substituted for divalent alkali-earth elements. The large
magnetic entropy change produced by the abrupt increase
of effective magnetic moment is associated with a first-
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order phase transition at the Curie temperature [14,15]. For
the LaggsAdo.1sMnO3 sample, the maximum magnetic
entropy change value is found to be 4.2 J/(kg:K) at 280 K
in an applied magnetic field of 2.6 T [16]. The manganites
studied have showed almost the same relative cooling
power (RCP) values equal to about 100 J/kg for a field
change of 2.6 T. For the Lag7Ago.3MnQO3 sample, the
ASmax is found to be 1.35 J/(kg-K) in a magnetic field
change of 1 T around the room temperature [14].

In this work, the influence of AgJr ions substituting tri-
valent lanthanum ions and non-stoichiometric Mn ions on
magnetization and magnetocaloric effect is presented. For
this, the Lag.g-xAgxMn14+503 compounds with a silver con-
tent variation from x = 0.05 to 0.3 and at excess manganese
of 3 = 0.1 have been studied. The manganites studied are
exhibited to undergo paramagnetic-ferromagnetic phase
transitions. An increase of Ag content slightly shifts the T¢
to high-temperature region. An excessive Mn content is
shown to lower the field cooled magnetization of manga-
nites studied. The magnetocaloric effect was evaluated from
the isothermal curves of spontaneous magnetization versus
an applied magnetic field using both the thermodynamic
Maxwell’s relation and calculation based on the Landau
theory. The (-ASmax) values determined by both methods
agree. It is found that the excessive Mn negligible influ-
ences on the MCE magnitude. The correlation between the
magnetization, colossal magnetoresistance and magnetic
entropy changes as a function of Ag ions content in the
Lag.9-xAgxMn1 103 manganites was established.

2. Samples and experimental

The ceramic samples with general formula
Laolg_XAgXMn1.103 (X =0.05,0.1, 0.15. 0.2, 03) have been
studied. The bulk polycrystalline samples prepared by mix-
ing La(OH)3, AgNO3 and Mn30O4 powders in the desired
proportions were synthesized using the standard solid-
phase synthesis technique at a high temperature. In order to
keep the oxygen stoichiometry the reactions were carried
out in silica tubes. The powder mixture was heat-treated at
temperature of 900°C (for 20 h) with intermediate grinding
of as-obtained products. The obtained powders were com-
pacted under pressure into pellets (of about 1 mm thick-
ness) and sintered at 1050°C in air for 20 h. Finally, these
pellets were slowly cooled down to the room temperature
in the air along with the furnace.

To study the structure and magnetic properties the fol-
lowing experimental methods were used, hamely: a) room
temperature x-ray diffraction method using the CuK,, radi-
ation, b) method of dc magnetization in the temperature
interval of 5-350 K and in magnetic field upto H=5T
using a PPMS magnetometer, and c¢) four-probe method to
determine the magnetoresistance effect MR = (p — pn)/p,
where p(7) and py(7) are the temperature dependences of
resistance in zero and 5 T magnetic fields, respectively,
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over a temperature range of 77-400 K. The oxygen content
was determined by the gravimetric and iodometric meth-
ods. The field change was slow enough (with field steps of
2 kOe) to consider all magnetization processes as isother-
mal. The magnetization was measured with temperature
steps of 2-3 K over a temperature range around the mag-
netic phase transition.

3. Structural properties

According to x-ray diffraction data all the samples have
a perovskite-like rhombohedral structure (Table 1). The
samples with concentration x < 0.15 are single phase.
When x > 0.15 the increased traces of Mn3zO4 phase were
observed. The chemical composition of these powders
checked with room temperature x-ray diffraction method is
close to the molar one of Lag.g-xAgxMn1.103.

As is seen in Table 1, the unit cell a parameter in
rhombohedral installation monotonically increases with
increasing x. It is caused by the replacement of La>" ions
with ionic radius of Riadtpzy = 1.50 A (coordination

number CN = 12) [17] by Ag+ ions with larger ionic radius
of Ragdtpzy = 1.70 A [18]. The increase of the lattice

constant allows to propose that the Mn—O bond length has
a tendency to increase with increasing Ag content.

4. Magnetic properties

We now discuss the magnetic properties of the samples
studied. The temperature dependences of field-cooled mag-
netization (Mgc) for manganites with various Ag content
(from x = 0.05 to 0.3) measured in a magnetic field of
100 Oe are presented in Fig. 1.

Figure 1 displays the effect of Ag content on the mag-
netic behavior of the samples studied. As is seen in the
inset (b) of Fig. 1, the Mpc magnetization changes anoma-
lously as Ag content is increased, namely, Mgc increases

Table 1. Type of symmetry, lattice parameters of the perovskite
structure and phase composition of the Lagg xAgxMny 103 ce-
ramics in the rhombohedral (Z = 8) installation (Z is the number
of formula units per unit cell)

Rhombohedral
installation,
X s;ﬁ;:y lines (440) and (044) | Second phase
a, A a, deg
0 R3c 7.813 90.48 Single phase
0.05 7.823 90.50 Single phase
0.1 7s.833 90.52 Single phase
0.15 7.842 90.54 Mn304 < 3%
0.2 7.848 90.53 Mn304 < 3%
0.3 7.850 90.48 Mnz0,4 < 3%
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Fig. 1. The temperature dependences of field-cooled magnetiza-
tion for manganites with various Ag content measured in a mag-
netic field of 100 Oe. The inset (a) shows a thermal hysteresis of
M(T) curves near the Tc temperature for the sample with x = 0.2.
The inset (b) shows the Mgc(x) dependence at T = 50 K for x
variation from 0.05 to 0.3.

with changing x from 0.05 to 0.2 and then decreases at
x> 0.2. An increase of Mgc is connected with growth of
number of holes (Mn4+). The ratio of Mn**/mn®* ap-
proaches a maximum value at Ag content of x = 0.2. The
increase of the Mn** fraction, suggesting the increase of
number of Mn°*/Mn** pairs, leads to the enhancement of
the double exchange interaction and causes the Mgc mag-
netization to rise. At x > 0.3, the samples magnetization
has almost the same value because the Mn”" fraction does
not change due to the segregation of Ag into metal clusters.

It should be noted that the low-temperature magnetiza-
tion of the non-stoichiometric manganites with x = 0.05-0.2
is lower as compared to the Mpc magnetization of manga-
nites with stoichiometric content [13].

Anomaly of magnetization observed on the M(T) curves
at temperature of about 42 K (Fig. 1) means that in homo-
geneous ferromagnetic phase a small amount of antiferro-
magnetic phase of Mn304 exists. It agrees with the x-ray
diffraction data.

The character of FC magnetization curves as a function
of temperature in the applied magnetic field of 100 Oe
(Fig. 1) shows that all investigated samples display a para-
magnetic—ferromagnetic phase transition. The Mgc(T) curves
demonstrate a large steepness and a thermal hysteresis
(ATc = 1.6-1.9 K) near the Curie temperature, Tc, that are
typical of a first order transitions. As an example, a ther-
mal hysteresis of M(T) curves equal to AT¢c = 1.8 K near
Tc = 271 K for the sample with x = 0.2 is shown in the
inset (a) of Fig. 1.

The dM/dT curves allow to determine the ferromagnetic
ordering temperatures. An increase of Ag content slightly
shifts the Tc to high-temperature region. The minimum
Curie temperature obtained is equal to 250 K for the sam-
ple with x = 0.05. As is seen in Fig. 1 and Table 2, the T¢
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Table 2. Parameters of the Curie-Weiss law
x=x0+C /(T —6) obtained by fitting to experimental suscepti-
bility H/M for different content x of Ag in the temperature range
from 210 to 360 K and the Curie temperature, Tc. The effective
number of Bohr magnetons, nefr = g+/S(S +1), and magnetic
moment p obtained from saturation magnetization at 5 K

X %o C C} Neff K, Tc,
K ug/Mn | K

250.3 6.4 3.48 250
267.4 6.4 3.38 270
268.3 6.1 3.21 270
269.4 5.9 3.08 271
271.7 54 2.78 272

0.05 | -0.001 | 5.06
0.1 -0.004 | 5.04
0.15 | -0.004 | 4.65
0.2 | -0.0016 | 4.27
0.3 | -0.0001 | 3.63

temperature increases up to 272 K with increasing Ag con-
tent up to 0.3. However, in Ref. 14 it is shown that the T¢
temperature determined for Lag 7Ago.3MnO3 is 306 K. For
the same Ag concentration studied in Ref. 19 the Curie
temperature is equal to 293 K. This discrepancy could be
due to the fact that the actual Ag contents might be differ-
ent in the samples studied.

The analysis of high-temperature susceptibilities (M/H)
was performed using the Curie-Weiss (CW) law:

C

xM=x"s. (1)
where the Curie constant C =3kg /ugﬁ . Meis (S) =
=ug0+/S(S+1) is the effective magnetic moment and 6
the paramagnetic CW temperature. The fitting of the ex-
perimental (H/M)(T) dependences to the linear function
1/y(T) at high temperatures has shown that the tempera-
ture dependences of the inverse susceptibility are linear for
the paramagnetic phase and obey the CW law. The 6 tem-
peratures were calculated as a result of the fitting in the
temperature range from 260 to 350 K, when Ag content
increases from x = 0.05 to x = 0.3, respectively (Table 2).
They have a positive sign that is indicative of dominant
ferromagnetic interactions.

From the magnetic field dependences of magnetization
M(H) (at H=5T and T = 5 K) the saturation FM moment,
W, is shown to decrease from 3.48 to 2.78 pg/Mn with in-
creasing Ag concentration from x = 0.05 to x = 0.3, respec-
tively (Table 2). The experimental value of the saturation
FM moment is lower than the theoretical value of 3.6 ug/Mn
calculated for complete spin alignment of the Mn magnetic
moments in manganites without excess manganese for x = 0.

5. Magnetocaloric effect

The magnetic entropy changes (ASy) due to changes of
magnetic field applied to the system, characterizing the
magnetocaloric effects, were determined from the isother-
mal magnetization curves for temperature interval from
320 to 210 K and in a magnetic field range upto 5 T.

To analyze MCE in the studied manganites with a first
order phase transition close to a second order one, the cal-
culation method actual for a 2nd order transition was em-
ployed. The temperature dependence of ASy was calculat-
ed using the thermodynamic Maxwell relation (MR) [20].
According to MR, the total magnetic entropy change,
ASM(T,H), of the magnetic system during the magnetiza-
tion processes in a magnetic field change of H is given by
relation

H
max 8M
ASp (T,H) =Sy (T,H) =Sy (T,0) = E—j dH ,
M M M _([ oT ’
(2

where T, Hmax and M are the temperature, maximum ex-
ternal field and magnetization, respectively. A numerical
calculation of ASp(T,H) was performed using the expres-
sion :

ASy (T AH) =D {(Miyg = M)/ Ty ~ T} AH; L (3)

where Mij+1 and M; are the experimental values of magnet-
ization at Tj+1 and Tj temperatures, respectively, under an
applied magnetic field H; [21].

A comparison of the calculated maximum magnetic en-
tropy changes, —ASmmax, corresponding to magnetic fields
of 1, 3, 4 and 5 T for the Lag 9-xAgxMn1 103 samples with
x=0.05, 0.1, 0.15, 0.2 and 0.3 is presented in Table 3.

The largest values of magnetocaloric effect among the
studied manganites induced by the magnetic fields of 5T
and 1T are equal to 576 and 2.46 J/(kg-K) for
Lag.7Ago.2Mn1 103, respectively. These results are close to
the —ASymmax values of 4.92 J/(kg-K) [22] and 3.4 J/(kg-K)
[14] under magnetic field changes of 5 and 1 T, respectively.

As an example, the —ASu(T,H) dependences for the
Lag.7Agdo.2Mn1.103 sample around the PM-FM transition
in a magnetic field changes of H =1 and 5 T are presented
in Fig. 2.

As it is seen in Table 3, the (~ASpmax) value increases
with changing x from 0.05 to x = 0.2 and then is reduced at
x > 0.2 that correlates well with the behavior of magnetiza-
tion as a function of x shown in the inset (b) of Fig. 1. This
observation is indicative of similar influence of partial sub-

Table 3. Maximum magnetic entropy changes, —ASy, as a
function of Ag concentration for the Lagg xAgxMn1 103 com-
pounds under magnetic field changes of H=1,3,4and5 T

X —Asmax (1 T), —Asmax (3 T), —Asmax (4 T), —Asmax (5 T)’
J(kg-K) J(kg-K) J(kg-K) J(kg-K)
005] 181 3.78 4.43 4.98
0.1 2.01 4.03 4.66 5.21
015| 230 4.36 5.00 5.54
0.2 2.46 457 5.20 5.76
0.3 1.92 3.80 438 4.88
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Fig. 2. Magnetic entropy change (-ASy) as a function of tem-
perature for the Lag7Ago2Mny 103 sample under magnetic field
changes of AH = 1 and 5 T. Temperature dependences of —ASy
for the Lag7Agp2Mn1.103 sample in 1 and 5 T magnetic fields
(solid lines 1 and 2, respectively) calculated using the Landau
theory.

stitution of Ag for La on magnetic and magnetocaloric
properties. This influence can be explained by the fact that
Ag+ ions introduced into the perovskite phase substitute
La>" ions causing some of Mn>" ions to become Mn** ions
proportional to the substituted Ag ion concentration. An
increase of Ag content in perovskite phase increases the
Mn**/Mn** ratio since one AgJr ion oxidizes two Mn>"
ions to two Mn** ions, which is in favor of magnetic en-
tropy change [13]. It should be noted that the excessive Mn
ions have negligible influence on the MCE magnitude. It
agrees with data obtained in Ref. 23.

The evolution of magnetic entropy change as a function
of temperature was also analyzed based on the Landau
theory of phase transitions [23,24]. The magnetic free ener-
gy, F(T,M), as functions of magnetization and tempera-
ture can be expressed as follows [25]:

F(T,M) :%a(T)MZ +%B(T)M4 “MH, @

where o(T) and B(T) are the temperature dependent Landau

coefficients, which provide information about magneto-

elastic coupling and electron—electron interaction [26].
From the condition of equilibrium, we obtain the equation

D= a(m)+pmMm?, (5)

The o(T) and B(T) coefficients are determined by linear
fitting of H/M function from Eq. (5) to corresponding ex-
perimental Arrott plots. In accordance with the Landau
theory the variation of isothermal entropy for a field
change from 0 to H has the form

—AST(T,AH) = ST(T,O)—ST(T,H) =
:%am(mz—M§)+%B'(r)(m“—M6‘), (6)

where o'(T) and B'(T) are the temperature derivatives of the
Landau coefficients. At T < T¢ we have Mg =—o(T)/PB(T)
and for T > T¢ the spontaneous magnetization Mg =0.
The o'(T) and B'(T) derivatives are determined by linear
interpolation of the o(T) and B(T) dependences.

The temperature dependences of —-ASy for the
Lag.7Ago.2Mn1 103 sample in a magnetic field changes of
1and 5 T presented in Fig. 2 by solid lines 1 and 2, respec-
tively, have been calculated using Eq. (6) based on the
Landau theory of phase transitions. It is seen that the MCE
values evaluated by both ways are in agreement.

It is interesting to consider the relative cooling power
(RCP) which can be determined from the following ex-
pression [27]:

RCP(S) = ASmax ATFWHM ()

where ASmay is the peak value of ASp(T) and ATpwhMm IS
the full width at half the peak of ASp(T). The RCP(S) val-
ue for x = 0.2 in an applied magnetic field of 5 T is equal
to 185 J/kg. It should be noted that because of a small
quantity of thermal hysteresis near the Curie temperature at
calculation of the relative cooling power a magnetic losses
connected with hysteresis were neglected. The known RCP
values for the La;_.Ag,MnO3 samples are of the same or-
der of magnitude as calculated RCP value. It should be
noted that the RCP values exhibit a linear dependence on
an applied magnetic field that agrees with data obtained in
Ref. 22.

The studied manganites are of interest since they belong

25
201
L 22
- 0\
s =20 / .
o o | @
Eﬁ - = 18 I
10 1o 0.1 .0.2.0.3
X
5L
O | 1 | 1 “A“p AAAAA hadd |
100 200 300 40 500

T,K

Fig. 3. Concentration dependences of magnetoresistance effect
for the Lag 9—yAgxMn1,103 manganites.
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to materials with high magnetoresistance effect (MRE).
The magnetoresistance of a series of bulk polycrystalline
Lag.9-+AgxMn1 103 samples was investigated (Fig. 3). The
temperature dependence of MRE shows that the MRE peak
is observed near the metal-semiconductor and ferromag-
net—paramagnet phase transitions. As is seen in Fig. 3, the
magnetoresistance value increases with changing x from
0.1 to 0.2 and then is decreased at x > 0.2. Thus, there is a
good agreement between the largest value of MRE and
maximum magnetic entropy changes. It is known [28] that
an electron-phonon interaction influences strongly on mag-
netic properties of manganites. In particular, the manga-
nites with a strong electron-phonon interaction show high
enough MRE. As rule, the alkaline-earth ions doped pe-
rovskites have a strong electron-phonon interaction and
intensive MCE. Apparently, the optimal relation between
the contents of free charge carriers and electron-phonon
binding is achieved at the Ag ion concentration of x = 0.2.

The results of complex studies performed on the
Lagg_yAgyMn, 103 manganites show a certain correla-
tion between the magnetization (Fig. 1), magnetoresistance
effect (Fig. 3) and magnetic entropy changes (Fig. 2) as a
function of Ag content.

Conclusion

In this paper, the results of measurements of magnetic
and magnetocaloric properties of the Lag.g—AgxMn; 103
manganites containing the excessive Mn content are pre-
sented. The AgJr ions content substituting for trivalent lan-
thanum ions was varied from x = 0.05 to 0.3. Magnetic
measurements have been performed over a wide tempera-
ture (350-5 K) and magnetic field (up to 5 T) ranges. The
studies have shown that partly replacement of La ions by
Ag ones leads to occurrence of the ferromagnetic state.
The manganites studied demonstrate a large steepness and
a thermal hysteresis of M(T) curves in the vicinity of mag-
netic phase transitions, which are characteristic for a first
order transitions. The magnetic entropy changes were eva-
luated from the isothermal curves of magnetization versus
an applied magnetic field using both the thermodynamic
Maxwell relation (MR) and calculation based on the Lan-
dau theory of phase transitions. The MCE values evaluated
by both methods are in agreement. The largest values of
the magnetocaloric effect as well as the relative cooling
power among the studied manganites calculated using MR
are equal to 5.76 J/(kg:K) and 185 J/kg, respectively, for
Lag.7Agdo.2Mn1.103 in a magnetic field change of 5 T near
the Curie temperature of T¢ = 271 K. A good correlation
between the magnetization, magnetoresistance and mag-
netic entropy changes as a function of Ag concentration in
the Lag.o-xAgxMni 103 manganites was established. The
large relative cooling power for Lag 7Ago.2Mn1 103 makes
these materials one of the most promising candidates as

active refrigerants for magnetic refrigeration technology
near room temperature.
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