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Abstract. The polycrystalline perovskitelike manganese oxides Lai—AzMnOsys (A = Na, and K,
0.05 < z < 0.20) have been fabricated by sol-gel technique. For all the compositions explored in this work,
the average manganese oxidation state is practically constant, at 3.32 + 0.02 for A = Na, and 3.40 4+ 0.04
for A = K, respectively. A close relationship is confirmed to hold between the Curie temperature (7¢) and
the bond distance of Mn-O. Results of magnetic measurements show that these materials can be utilized
as suitable candidates for magnetic refrigerants with wide applied temperature span, for their significant
entropy change and the easily tuned Curie temperature.

PACS. 75.30.Sg Magnetocaloric effect — 82.80.-d Chemical analysis and related physical methods of
analysis — 81.05.Mh Cermets, ceramic and refractory composites

1 Introduction

A magnetic-field-induced magnetic entropy change is a
well-known technique for magnetic refrigeration. Up to
nowadays, the magnetocaloric effects have been exten-
sively studied in two kinds of working substances for mag-
netic refrigeration: paramagnetic salts and ferromagnetic
substances. The former have been conventionally used to
obtain low temperature, e.g. T < 15 K. The most im-
portant example is the adiabatic demagnetization of a
paramagnetic salt at low temperature, a means by which
temperatures as low as 1073 K are attainable. The latter
are useful for magnetic refrigeration at high temperature
T > 20 K; in this temperature range, the Ericsson-cycle
has been utilized to remove the effect of lattice entropy
[1-3].

Refrigeration in the room temperature range is of par-
ticular interest for potential impact on energy savings and
environmental concerns. In order to expand effective work-
ing temperature (especially near room temperature), a
great effort has been made theoretically and experimen-
tally to design a new refrigerator and to search for effective
magnetorefrigerants, which have large magnetic entropy
change (—AS); —) under a magnetic field [1-7]. Accord-
ing to the Curie-Weiss law for the ferromagnetic, large
—AS); — is expected at Curie temperature T, with large
effective Bohr magneton number P = g/J(J+1)]'/?, where
g is the g factor and J is the total angular momentum
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quantum number [2]. In view of above, the previous stud-
ies [8,9] mainly concentrated on intermetallic compounds
and alloys of rare earths with high J. The largest reported
value of —AS); — in the group of rare earths and their
alloy was 13.7 J/kg K for pure gadolinium, which under-
goes a ferromagnetic phase transition at 293 K under a
magnetic field of H = 8 T, therefore Gd is thought to be
the optimum magnetic refrigerants used near room tem-
perature [2]. It is of interest to seek other systems which
exhibit magnetic phase transitions in the neighborhood
of room temperature. One such system is perovskitelike
manganese oxides [10-13].

Extensive systematic investigations have been carried
out on lanthanide manganites Ln;_,A,;MnO3 (Ln = La,
Pr, Nd, Sm; A = Ca, Sr, or Ba) especially in the past three
years after the discovery of colossal magnetoresistance in
these compounds [14-22]. In fact, the magnetic and elec-
tric properties of these materials have been known for a
long time. The pure compounds LnMnQOj3 are antiferro-
magnetic insulators. Upon doping A2T ions, both Mn3*
(3,e4) and Mn** (£) are present. The e, electrons are
delocalized due to the strong hybrid with the oxygen
2p states, and mediate the ferromagnetic interaction be-
tween localized to4 spins. Arising from the competition be-
tween antiferromagnetic superexchange and ferromagnetic
double-exchange interaction, various magnetic structures
have been observed with the substitution of Ln and A.
Some of perovskite manganese oxides exhibit discontinu-
ous variation in the volume at the ferromagnetic transi-
tion, and the associated sharp change in magnetization
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[23,24]. The simultaneous structural and magnetic tran-
sitions at T, can strongly influence on the magnetic en-
tropy change. Our research group has measured the mag-
netic entropy change of perovskitelike manganese oxides,
and observed the larger magnetic entropy change in com-
pounds La;_,Ca,MnO3 (x = 0.2, T, = 230 K; = 0.33,
T. = 257 K) than that of pure gadolinium upon an field
of 1.5 T [11,12].

A good candidate for magnetic refrigerant must pos-
sess large magnetic entropy change and suitable T,. Two
different parameters have been considered to be rele-
vant concerning the Curie temperature of these mangan-
ites, namely, the concentration of Mn** (by tuning the
composition parameter x or §, the materials could ex-
hibit very different Curie temperatures, e.g., from 100
to 370 K [17,19]) and the average size of A-site cations,
(ra). (The replacement of La by smaller rare-earth ions
such as Pr or Y causes a large distortion of the Mn-O-
Mn bond, thus decreasing T..) Systematic studies have
been made on alkaline-earth-doped lanthanide mangan-
ites, however, references to magnetic and electronic prop-
erties of monovalent alkali-metal-doped materials are very
scarce. By taken into consideration that the donor prop-
erty of alkali-metal is stronger than that of alkaline-earth-
metal, it would be expected that alkali-metal-doped man-
ganites exhibit distinguishing feature in structure, elec-
tronic behaviour, and magnetic properties from alkaline-
earth-doped lanthanide manganites. In the present work,
alkali-metal-doped polycrystalline lanthanide manganites
Laj_,A;MnOsys (A = Na, K; z = 0.075, 0.10, 0.165, and
0.20) have been fabricated by the sol-gel technique in or-
der to obtain high pure and homogeneous powders. The
sol-gel method plays an essential role to avoid alkali-metal
loss. On the basis of the success of this synthetic approach,
several methods such as X-ray diffractometry (XRD), in-
duced coupled plasma (ICP) spectroscopy, transmission
electron microscopy (TEM), temperature programmed re-
duction (TPR), and magnetism measurement (VSM) have
been used to obtain detailed information about the struc-
ture, composition and magnetocaloric properties in the
La;_,A,MnOss5 (A = Na, K) system.

2 Experimental details

Polycrystalline samples of Laj_,A;MnOs,5(A = Na, K)
were synthesized as follows. Stoichiometric amounts of
Lay03, NasCO3 (or K3CO3),and Mn(NO3)s were dis-
solved in dilute HNOj3 solution at 333 K, suitable amounts
of citric acid and ethylene glycol as coordinate agent were
added and a complete homogeneous transparent solution
was achieved. This solution was slowly evaporated at 333
K until a high viscous residual was formed, and a gel was
developed during heating at 443 K. The gel was thermally
treated at 873 K for 5 hours for the purpose of the organic
precursor decomposition. After grinding, the samples were
calcined in air at 1273 K for 5 hours and furnace cooled.

The phase identification and structural analysis were
performed on an X-ray powder diffractometer (Model
D/Max-RA, Rigaku, Japan). High-purity silicon powder
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was used as an internal standard for the lattice parame-
ter determination. The metal content in the sintered sam-
ple was determined by the induced coupled plasma (ICP)
spectroscopy (Model 1100 4 2000, Jarrell-Ash, USA). The
morphology of La;_, A, MnOss was examined by direct
observation via transmission electron microscopy (TEM)
(Model JEM-200 CX, JEOL, Japan).

The oxygen content in these materials was determined
by a temperature-programmed reduction (TPR) tech-
nique [25,26]. TPR is a useful method, which is highly
sensitive and does not depend on any specific property of
the sample other than the species under study be in a re-
ducible condition. Generally, the reaction between metal
oxide MO and hydrogen to form metal M and water vapor
can be represented by the general equation

MO(s) + Ha — M(s) + H2O(g). (1)

If the standard free energy change for the reaction AG®°
is negative, the reductions for these oxides are thermody-
namically feasible. However, since

AG = AG® + RT log(Py,0/Pu,) (2)

it may still be possible for the reduction to proceed even
when AGP° is positive. The TPR experimental method is
such that the water vapor is constantly swept from the
reaction zone as it is formed. Thus if Pg,o is lowered
sufficiently at elevated temperatures, it is possible that the
term RT log (Py,0/Ph,) could be sufficiently negative to
nullify a positive AG°.

In our present experiment, Ar + Hy (18.5% V/V)
mixed gas flushed over the sample, which was heated at
a linear rate (6 K/min), and the concentration of Hy in
mixed gas was monitored simultaneously by thermal con-
ductivity detector (TCD). The oxygen content in sample
was deduced from the consumption of Hy in reaction be-
tween Hy and the sample, based on following equation (In
fact, the valences of lanthanum and alkali-metal were con-
served, while the Mn3+, Mn** were reduced to Mn?* in
the reaction):

La1_$A$MnO3+5 + H2 — La203 + AOH + MnO + HQO
3)

The dependence of magnetization on temperature was
measured using a vibrating sample magnetometer (VSM).
The Curie temperature 7T, defined as the temperature of
the maximum slope in dM/dT, was extracted from the
low field magnetization (0.5 T) versus temperature rather
than from saturation versus temperature, because the high
field magnetization could shift the Curie temperature sev-
eral degrees [7].

3 Results and discussion
3.1 Structure and composition

The crystallite size of these samples observed directly
by TEM is 250—300 nm (A = K), and 350—500 nm
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Fig. 1. X-ray diffraction pattern of Lag.90Ko.10MnOs45 sam-
ple.
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Fig. 2. Average manganese valence ((Varn)) versus dope level
(z) for La;—zA;MnOsys. Open circles are the data for A = K,
solid squares are for A = Na, and open up triangles are for the
theoretical values of average Mn valence for Laj_zAzMnQOs.

(A = Na), respectively. The X-ray diffraction pattern of
Lag.90Ko.10MnQO3. s is shown in Figure 1. For all the stud-
ied compositions, 0.05 < = < 0.20, La;_, A, MnO3,s (A =
Na, K) materials have the rhombohedral perovskite struc-
ture without any other secondary or impurity phase.

Table 1 summarizes the results of the ICP and TPR
measurements. As can be seen, the actual alkali-metal
content for all the compositions explored in this work
is practically equal to the nominal one. Tofield and
Scott [27], and Roosmalen [28] reported that cation va-
cancies exist both in A and B sites instead of oxy-
gen interstitials by the neutron technique, therefore, the
composition of Laj_,A,MnO3s,s is better expressed as
La(3—3x)/(3+6)A3x/(3+5)Mn3/(3+6)03.00 [29]. The average
manganese oxidation state calculated from electric neu-
trality is also listed in Table 1. Figure 2 shows the plot
of the average manganese oxidation state (Vir,) versus
dope level z, the theoretical expected values of (Viy,) for
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Fig. 3. Plot of Curie temperature (T.) versus average man-
ganese valence ((Varn)) in polycrystalline Laj—;A;MnOs.ys.
Open circles are the data for A = K, solid squares are for A =
Na.
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Fig. 4. Plot of Curie temperature (7¢) as a function of Mn-O
distance in Lai—;AzMnOgs, 5. Solid squares are the data for
A = Na, open circles are for A = K. Lines through the points
are guides to the eye.

La;_,A;MnOg3 are also shown in Figure 2. One can ob-
serve that there is no clear correlation between the = and
the (Vary), in contrast with the expected monotonic lin-
ear increase with x. In fact, for all the compositions, the
average manganese oxidation state (Vas,) is practically
constant, at 3.32 + 0.02 for A = Na, and 3.40 £+ 0.04 for
A = K, respectively. The increase in the alkali-metal con-
tent makes a decrease in oxygen excess. Similar phenom-
ena have been reported for the La; K, MnO3ss system
by Ng-Lee et al. [30]
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Table 1. Summary of the results of ICP and TPR measurements.

xt La/Mn A/Mn (Varn)* 5 stoichiometry
A =Na
0.075 0.925 0.074 3.33 0.09 Lao,gggNao_onMno_gn03_00
0.100 0.901 0.101 3.34 0.07 Lao.g80Naog.099 Mno.o7703.00
0.165 0.834 0.163 3.31 —0.01 Lao,834Nao_163Mn1_00002_99
0.200 0.799 0.199 3.34 —0.03 Lao.799Nag.199 Mn1.00002.97
A=K
0.075 0.926 0.073 3.37 0.11 Lao.893Ko0.070Mno.965 O3.00
0.100 0.900 0.099 3.36 0.88 Lao.877Ko.0906Mno.974O03.00
0.165 0.835 0.164 3.41 0.04 Lao,gngo_160Mn0,98703_00
0.200 0.801 0.197 3.44 0.02 Lao.796 Ko0.196Mn0.99303.00

* calculated value, * the average manganese oxidation state

Table 2. Summary of the magnetic entropy change at T, and the heat originated only from magnetic entropy change between
T. + 25 K for samples Lai_;A;MnOgz4s5 upon an applied field Hypqr = 1.0 T.

Curie temperature Entropy change Heat
Sample T. |ASy (T2, 1.0 T)| |AQus(Te +25 K, 1.0 T)|

() (1/kg K) (1/k¢)

Pure Gd 293 3.27 92.0

Lao.s98 Nag.o72Mno.971 03,00 193 1.32 56.1
Lao.s80Nao.099Mno.97703.00 220 1.53 59.4
Lao.s34Nag.163Mn1.00002.99 343 2.11 60.4
Lao.799Nag.109Mn1.00002.97 334 1.96 73.7
Lao.s93Ko.070Mno.96503.00 230 0.78 37.6
Lao.s77Ko.0906 Mno.97403.00 283 1.10 48.6
Lao.s13Ko.160Mno.08703.00 338 1.53 56.1
Lao.796 Ko.196 Mno.99303.00 344 1.55 55.5

Figure 3 displays the plot of T, versus (Vasy,). Surpris-
ingly, one could not find a close relationship between the
the average manganese oxidation state and T,., although
this relationship could be observed in alkaline-earth-doped
lanthanide manganites. Figure 4 shows the variation of T,
with the bond distance of Mn—O determined by the XRD
analysis. One can see that T, tends to increase when the
Mn-O distance decreases. In frame of the double-exchange
interaction theory, shorter Mn—O distance in this struc-
ture, corresponds to the larger Mn—O-Mn bonding angle,
leads to a stronger interaction, and the higher T..

3.2 Magnetocaloric properties

It has been suggested that the classical magnetization
measurements be a powerful tool to select the suitable
magnetorefrigerants [3]. From the thermodynamic theory,
the magnetic entropy change ASy (T, H) is given by [2]

dH.
(4)

H
ASy(T 1) = ST, H) = Su(1.0) = [ (50

For magnetization measured at discrete field and temper-
ature intervals, the magnetic entropy change ASj; can be
approximated by [7]

1
ASy| = —(M; — M, AH; 5
| M| ZTH—l _Tz( 7 l+1)H 7 ( )
where M; and M;,1 are the magnetization values mea-
sured in a field H at temperature T; and T} 1, respectively.
The change of specific heat associated with the magneti-
zation equals

O(ASh)
ACpg =T a7 (6)
Thus, if the contribution of electrons and lattice to the
specific heat is known, the temperature dependence of can
be obtained.

Isothermal magnetization curves were measured in a
field up to 1.0 T. Magnetization measurements were re-
peated for 10, 5, or 3 K temperature steps. The tempera-
ture steps were smaller near transition temperature, and
larger further away. By using the equation (4), ASy (T, H)
is obtained, and Figure 5 shows the magnetic entropy
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Table 3. Magnetic
manganites.
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entropy change |ASy| near room temperature (> 250 K) for some alkaline-earth-doped lanthanide

Curie temperature Magnetic field Entropy change
Sample™ T. Hoax |ASam(T:)|  Ref.
(X) (T) (J/kg K)
La0_67ca0,33Mn03(f) 250 1.0 0.5 10
Laog.67Sro.33MnO3(f) 350 5.0 1.7 10
La0_67Ba0,33MnO3(f) 290 5.0 1.3 10
Lao_67Cao_33Mn05(p) 260 1.0 1.1 13
Lao,75Sro_15Cao,1Mn03 (p) 330 1.5 2.7 12
La0_75Sr0_1250a0,125Mn03(p) 280 1.5 1.5 12
+ «f” denotes film; “p” denotes polycrystalline sample
changes as a function of temperature for La; A, MnOs3 s 3.0 T . LN B
samples at applied field H,,4,; = 1.0 T. The peak temper-
ature of |ASyy| is the same as Te. 25k a La, NaMnO, . ]
In order to make a comparison of the magnetocaloric
properties between Laj;_,A;MnOgs.s and pure Gd, we [ H_=10T x=0.165
also measured the magnetic entropy change of Gd, and ob- 2.0 ]
tained |ASy| ~ 3.27 J/kg K at T, (293 K) for Hppey = 1.0 ”)
T; the value agrees with reference [7]. The maximum éo sk i
|ASa| of La— A;MnOs s is lower than that of pure Gd, = ’
but the broader |ASy,| distribution for Laj_,A,MnOs4 s =
is obtained. %4 1ol y
The heat originated only from magnetic entropy
change between T, &+ 25 K can be calculated by 05k ]
T.+25 o . . . , :
[Qus(Te £25 K, 1.0 T)| =/ |ASwm (T, 1.0T)|dT 00550 200 250 300 350 400
Tem25 (7) Temperature (K)
3.0 T T T T
The data of |Qars(Te £25 K, 1.0T)]| are listed in Table 2. ”s b La K MnO,,, 1
In the neighborhood of room temperature (> 250 K), ]
La;_;A;MnO3s,s system has significant |AS)/| com- [ H =10T
pared with alkaline-earth-doped lanthanide manganites 20¢ mas ]
(see Tab. 3). These results reveal that alkali-metal-doped )
lanthanide manganites are more suitable candidates for 5h sk ]
magnetic refrigerants with wider applied temperature %
span, for their significant entropy change and easily tuned = -
Curie temperature. Compared with rare earth metals and 2 10k 4
their alloys, the Laj_,A;MnQOgs,s samples have advan-
tages as follows: (i) easily tuned Curie temperature by
changing the material composition z and d, (ii) a constant 0.5¢ ]
magnetic entropy change against temperature variation I
would be obtained by mixing several kinds of samples with 0.0 . L > : ]
150 200 250 300 350 400 450

different T., (iii) a quite large magnetic entropy change
upon a low magnetic field, (iv) distribution is broader, (v)
higher chemical stability and lower cost, and (vi) consid-
erable small magnetic hysteresis and isotropic.

This work is supported by the National Climbing Program,
P.R. China.

Temperature (K)

Fig. 5. Temperature dependence of magnetic entropy change
upon an external field Hpmaz = 1.0 T for (a) La;—;Na;MnOs.y 5
and (b) La;—-K:MnOs,s.
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