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The magnetocaloric effect in magnetic materials is of great interest nowadays. In this article we
present an investigation about the magnetic properties near the magnetic transition in a
polycrystalline sample of a manganite Tb oSny ;MnOs. Particularly, we are interested in describing
the nature of the magnetic interactions and the magnetocaloric effect in this compound. The
temperature dependence of the magnetization was measured to determine the characteristics of the
magnetic transition and the magnetic entropy change was calculated from magnetization curves at
different temperatures. The magnetic solid is paramagnetic at high temperatures. We observe a
dominant antiferromagnetic interaction below 7,=38 K for low applied magnetic fields; the
presence of Sn doping in this compound decreases the Néel temperature of the pure TbMnO,
system. A drastic increase in the magnetization as a function of temperature near the magnetic
transition suggests a strong magnetocaloric effect. We found a large magnetic entropy change
AS,,(T) of about —4 J/kg K at H=3 T. We believe that the magnetic entropy change is associated
with the magnetic transition and we interpret it as due to the coupling between the magnetic field
and the spin ordering. This relatively large value and broad temperature interval (about 35 K) of the
magnetocaloric effect make the present compound a promising candidate for magnetic refrigerators

at low temperatures. © 2007 American Institute of Physics. [DOI: 10.1063/1.2732453]

I. INTRODUCTION

The magnetocaloric effect results in a material tempera-
ture change under an external magnetic field change.1 An
applied field will tend to align the magnetic spins and thus
decreases the total entropy of the spin system. Therefore the
magnetocaloric effect is the result of the magnetic entropy
change AS,/(T) arising from the coupling of the magnetic
spin system of the solid with the external applied magnetic
field. Recall that the total entropy of a magnetic solid is the
sum of the lattice, electronic, and magnetic entropies. In
most cases, the lattice and electronic entropies are essentially
independent of the magnetic field H, whereas the magnetic
entropy is strongly dependent on H. Therefore it is of interest
to look for materials presenting such high changes, and un-
derstand the microscopic causes. It is of interest to search for
useful coupling effects.

In fact magnetoelectrics and multiferroics materials,
which exhibit mutual coupling of ferroelectricity and magne-
tism, have been the subject of great interest in recent years.
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This is the case for RMnO; (R=Sc, Y, Er, Ho, Tm, Yb, Lu,
Tb) rare-earth manganites; they form an interesting family of
compounds showing a wide variety of physical properties. In
the orthorhombically distorted TbMnO5; compound, being a
reference for our analysis,2’3 the coexistence of antiferromag-
netism and ferroelectricity is observed at low temperatures.
This coexistence and the strong coupling of antiferromag-
netism and ferroelectricity suggest the presence of a noncon-
ventional coupling mechanism involving competing spin in-
teractions. A multiferroic behavior arises as a consequence of
the release of frustration of the applied magnetic field H. In
this compound, ferroelectricity arises below the Néel tem-
perature from a coupling to the lattice of an incommensurate
modulation of the magnetic structure below 27 K that™™ is
caused from frustration in the ordering of the Mn d orbitals.
In fact, an anomaly has been reported2 in pure TbMnO;
samples at ~42 K which is attributed to a sine wave ordering
of the Mn*3 moments.

Recent papers aim to study the doping effect substituting
the rare-earth element in these manganite compounds6_9 and
many interesting effects have been shown on the magnetic
properties, particularly on the magnetocaloric effect (MCE).
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FIG. 1. X-ray diffraction patterns of our Tb,_ .Sn MnO; samples with x=0
and 0.1.

Moreover, the possibility of using magnetic materials, which
exhibit this effect as a magnetic refrigerant, has given some
fundamental right for the research on the magnetocaloric
properties in such magnetic systems. One of the main goals
of recent studies on MCE is thus to find useful magnetic
materials which have a large entropy change at low magnetic
fields.

In this article we present an experimental work on the
magnetic properties in a polycrystalline sample of a rare-
earth doped manganite Tby ¢Sny ;MnO;. Particularly, we are
interested in studying the nature of the magnetic interactions
and the magnetic entropy change AS,,(7) in this compound.
It is of interest to find whether magnetic transitions exist and
their effect on MCE.

Il. EXPERIMENT

The polycrystalline samples TbgoSng ;MnO; and
TbMnO; were prepared by conventional solid state reaction
method starting from stoichiometric mixtures of the precur-
sor powders Tb,O0;, MnO,, and SnO,. These reagents were
mixed in agate mortar and sintered at 1000—1400 °C with
intermediate grinding after 24 h of sintering at 1000, 1100,
1200, and 1300 °C. The ac magnetic susceptibility (at 10 Oe
magnetic field amplitude), dc magnetization and magnetic
isotherms were measured using a Quantum Design PPMS-7
magnetometer. We applied magnetic fields up to 3 T under
the protocols zero field cooled (ZFC) and field cooled (FC)
and the temperature range varies from 9 K up to room tem-
perature.

Figure 1 shows x-ray diffraction patterns of the
TbyoSny;MnO; sample as compared to the undoped
TbMnOj;. The SnO, peaks occur at angles 260=29.7°, 34.4°,
and 49.5°. It is clear that the Sn doping causes structural
changes as soon as the peak intensities vary. The lattice pa-
rameters of the orthorhombic Tb,¢Sn, ;MnO5 sample are a
=0.529 90(7) nm, b=0.576 61(7) nm, and c¢=0.74 273(8)
nm. The volume of the unit cell is 0.226 94(5) nm?. This
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FIG. 2. Zero-field-cooled (ZFC) and field-cooled (FC) dc magnetization as
a function of temperature measured at an applied magnetic field of 0.01 and
0.03 T.

proves that a 10% content of Sn causes a lattice compression
as the corresponding parameters for TbMnOj; at room tem-
perature are as follows: a=0.5293 nm, »=0.5838 nm, c¢
=0.7403 nm and the unit cell volume is 0.228 76 nm?. It is
worth noting that the lattice parameters for our TbMnO;
sample are very close to those reported by Cui et al." for the
same system.

lll. LOW MAGNETIC FIELD PROPERTIES

The temperature dependence for the dc magnetization at
low applied magnetic fields is presented in Fig. 2. We ob-
serve a drastic change of the magnetization at the vicinity of
the magnetic transition, which is indicative of a large mag-
netic entropy change. This figure also shows a divergence
between the field-cooled (FC) and zero-field-cooled (ZFC)
magnetization developing below the so-called irreversibility
temperature. The irreversibility temperature decreases from
33 down to 30 K with the external magnetic field increasing
from 0.01 to 0.03 T. From this figure we can see that there is
clearly a cusp in ZFC curves at the so-called freezing or
spin-glass temperature T,. The irreversibility phenomenon i 1s
a typical feature of spin- glass or cluster-glass-like states,'
when a frustration between the antiferromagnetic and ferro-
magnetic ordering occurs. In a case of manganites these in-
teractions are ascribed to the superexchange and double ex-
change interactions, respectively.12

Taking the derivative (dM/dT) of the dc magnetization
measured as a function of temperature in the case of 0.01 T
(shown in Fig. 3) one may ascribe the minimum at T,
=38 K to the Néel temperature of the sine-wave ordering of
the Mn** magnetic moments. The Néel temperature is
slightly reduced as compared with 41 K reported for the
Sn-free TbMnO; system.3 The second minimum in our
sample at T,.=25 K corresponds to the transition observed
for TbMnO; at 27 K and at zero magnetic field® likely re-

Downloaded 30 Oct 2008 to 139.165.16.135. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



103904-3 Fabris et al.
0.000
.
-0.001 :
= - v s
ke b4 S o *
S -0.002r \\.‘ . I I T 1
° T | 57 ]
/ Lo <5
-0.003F ' .
25 K% 0 25 50 75
t38K
_0004 . L . L : 1 L L . L N
0 50 100 150 200 250 300

Temperature (K)

FIG. 3. Plot of dM/dT in a function of temperature at a magnetic field of
0.01 T; two minima are seen at low temperatures of 25 and 38 K.

veals commensurate-incommensurate transition within the
Mn** system. The magnetic moments become locked when
applying the magnetic field of 0.03 T.

We plot the inverse ac susceptibility curve as a function
of temperature, the so-called Curie-Weiss plot, which is
shown in Fig. 4. Using this plot and adjusting a correspond-
ing Curie-Weiss fit given by the relationship y=C/(T- ),
we found a linear dependence above 70 K, which extends up
to higher temperatures. So, the magnetic behavior obeys a
well-defined Curie-Weiss law up to room temperatures and
the compound is in a typical paramagnetic state. Several fits
were adjusted at this region by changing the temperature
range for the fit. In all cases, the extrapolation of this linear
regime shows a negative Weiss temperature 6. The medium
value for this temperature was found at #=-37(x2) K, indi-
cating that the nature of the dominant magnetic interactions
in this compound is antiferromagnetic. Previous reports of
neutron-scattering measurements'> > on RE-MnO; com-
pounds indicate that the Mn moments lie in an incommensu-
rate antiferromagnetic phase.

IV. HIGH MAGNETIC FIELD PROPERTIES

We have measured (Fig. 5) magnetic isotherms at tem-
peratures from 9 to 67 K. The temperature interval between
the isotherms was 2 K and the magnetic field for each iso-
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FIG. 4. (Color online) Inverse of the magnetic susceptibility as a function of
temperature. The line corresponds to the Curie-Weiss fit.
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FIG. 5. Magnetic isotherms measured at different temperatures for our
TbgoSng ;MnO5 sample.

therm was varied between zero and 3 T, in steps of 0.05 T.
For this range of applied magnetic field the magnetic behav-
ior of the sample is typically of a ferromagnetic system,
however, the saturation magnetization is not fully reached at
this maximum applied magnetic field. Thus one may con-
clude that in contrast to the antiferromagnetic behavior ob-
served at low magnetic fields, the strong magnetic fields
overcome the weak local magnetic anisotropy and lead to the
ferromagnetic ordering.

The so-called Arrott plot M? vs H/M in Fig. 6 exhibits
the positive slope of the curves at all temperatures studied.
This indicates that a transition between the magnetically or-
dered and the paramagnetic phases is of the second order.'®
The Arrott plot did not allow one to determine a critical
temperature of magnetic transition since the extensions of
the plots do not reach a center of the M? and H/M coordi-
nate system. This suggests that at least due to a competition
between the ferromagnetic and antiferromagnetic interac-
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FIG. 6. Arrott plot M? vs H/M.
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tions, the magnetic transition is broadly spread both in tem-
perature and in magnetic field. The broadening effect may be
additionally enhanced by the local inhomogeneities of the
sample.

V. MAGNETOCALORIC EFFECT

The isothermal magnetic entropy change AS,,(T), which
is associated with the magnetocaloric effect, can be calcu-
lated from measurements of magnetization as a function of
the applied magnetic field and temperature (indirect mea-
surement technique of the magnetocaloric effect). According
to the classical thermodynamics theory, the magnetic entropy
change produced by varying the magnetic field from O to
H . 1s given by

Hmax
a8
ASy(T,H) = f (—) dH. 1
u(T.H) o), (1)
0
By using Maxwell’s thermodynamic relation
as oM
(5, ~(5), ®
dH/); \dT )y
the magnetic entropy change can be rewritten as follows:
Hmax
oM
ASy(T,H) = — | dH. 3
u(T-H) f (&T)H &
0

The integral in Eq. (3) corresponds to the area enclosed be-
tween two isothermal magnetization curves M(H,T) and
M(H,T+8T), where OT is the temperature difference be-
tween two isotherms. We calculated this area using a precise
numerical integration. A complete AS,,(T) versus tempera-
ture curve can be derived from a series of isothermal mag-
netization curves obtained at discrete temperatures with an
appropriate interval (relatively small) of temperatures ST and
magnetic fields AH.

The magnetic entropy change —AS;,(7) as a function of
temperature plotted in Fig. 7 for various magnetic fields, has
a characteristic shape.'® It is worth noting that the —AS,,(T)
maximum is located near 25 K—around the commensurate-
incommensurate transition of the Mn** system. The
—ASy(T) maximum magnitude increases with increasing
magnetic field up to —4 J/Kg K at 3 T. The —AS,,(T) curve is
rather broad and the region of —AS,,(7T) maximum is enlarg-
ing in higher magnetic fields. One may see in Fig. 7 that the
position of this broad maximum shifts from 25 to 23 K when
the magnetic field reaches 3 T. This shift is in contrast to the
opposite tendency observed for, e.g., Lay;Cay3MnOs
manganites,lg when the Curie temperature is enhanced by a
magnetic field. A more detailed inspection of the top part of
the —AS,(T) curve (especially at 2 and 3 T) suggests that it
may be composed of two overlapping components corre-
sponding to the transitions at 7 and 7},.. A similar double
peak structure of the —AS,,(T) curve is reported in Ref. 20.
To clarify whether the broad and smooth maximum corre-
sponds to a two peak structure might require further work
applying smaller temperature steps. In so doing one may
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FIG. 7. (Color online) Magnetic entropy change determined from isotherms
for the Tb ¢Sn, ;MnO; compound at various magnetic fields. The solid line
represents a scaling estimated for higher temperatures from Eq. (4).

reconcile the apparently different evolutions of the maximum
(maxima) toward a lower or higher temperature region when
the magnetic field increases for various manganite families.

The large magnetocaloric effect in perovskite mangan-
ites could originate from the spin-lattice coupling in the mag-
netic ordering process.zo’21 The strong coupling between spin
and lattice has been shown by the observed lattice changes
accompanying magnetic transitions in these manganites.22
The lattice structure changes in the (Mn-O) bond distance as
well as in the (Mn-O-Mn) bond angle, would in turn favor
the spin ordering. Then, a more abrupt variation of magneti-
zation near the magnetic transition occurs and results in a
large magnetic entropy change.

The customary estimation of the magnetocaloric materi-
als is based on a comparison of the maximum magnetic en-
tropy change at a magnetic field of 1 T. Following this pro-
cedure, one can see that ASy,(T)=-1J/Kg K of the sample
studied is twice as small as compared to the large values
reported for La;_ . Sr,MnOj; in Ref. 18 and other manganites
at higher temperatures.ﬁf9 In order to evaluate the magnetic
cooling efficiency one may apply the so-called relative cool-
ing power [RCP(s)], which takes into account the width of a
temperature interval."” Due to a very sparse study of a mag-
netocaloric effect below 100 K, the RCP(s) value being
about 55 J/kg for a sample studied, may be compared with
55-65 J/kg at 42 and 35 K as reported for
Lag ¢5Cag35Tip4MnO; and Lag g3Cayg 17Tig4MnO;,
respectively.

The experimental data for the case of 3 T and for tem-
peratures above 30 K could be scaled as follows:

ASM(T) -~ A/(T— Tc)a for T > Tc, (4)

where the coefficients were found as A=61.1J/Kg, T,
=21 K, and a=1.12. The scaling is plotted in the figure by
the solid line.
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VI. CONCLUSION

In summary, we have studied the magnetic properties
and the magnetocaloric effect of a manganite
Tbj ¢Sny ;MnO; polycrystalline sample. The material is para-
magnetic above 37 K. For lower temperatures we observe the
competition between antiferromagnetic and ferromagnetic
interactions. The magnetic transition occurs in temperatures
lower than that observed in the pure TbMnO; compound as a
consequence of Sn doping. This kind of substitution partially
breaks the magnetic network among the magnetic atoms with
the consequent modifications on the magnetic-phase diagram
of this system. We have obtained a relatively high value of
magnetic entropy change associated with the magnetic tran-
sition of this manganite. This relatively large value and broad
temperature interval (about 35 K) of magnetocaloric effect
make the present compound a promising candidate for mag-
netic refrigerators at low temperatures, where the heat ca-
pacities are remarkably reduced.
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