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The perovskite (Lagp.2Ndo.8)0.67Pbo.33MnO3 (LNPMO) with a Curie temperature T¢=220K is characterized by
measuring the zero field cooled (ZFC) and field cooled (FC) moments over a wide range of temperature 2K< T <290K
in an applied field of H,=3978.87A/m, and also by the major hysteresis loop over the field range |Ha|<1061kA/m at

T=10K. The data analysed within the framework of a generalized Preisach model, which includes thermal fluctuations,

critical effects, and a temperature-dependent distribution of free energy barriers. The analysis shows that the response

function of LNPMO is dominated by the growth of the anisotropy barriers.
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1. Introduction

Substituted perovskite systems Re; ,Pb,MnO3
are currently of considerable interest from both fun-
damental research and technological application.[t=4
The characterization of irreversible behaviour in these
materials, which is typically based on certain stan-
dard experimental protocols such as the major hys-
teresis loop, or the temperature dependence of the
moment measured under zero field cooled (ZFC) and
field cooled (FC) conditions, tends to suffer from the
lack of a formal theoretical framework for the inter-
pretation of such common structural features as the
peak in the ZFC moment, or the degree of bifur-
cation of the FC and ZFC branches. In this arti-
cle, we describe a recent model for irreversibility in
magnetically ordered materials which provides such a
framework, and we apply this model to the analysis
of hysteresis data and FC/ZFC data in a doped per-
ovskite (Lag.2Ndg.g)o.67Pbo.33sMnO3 (LNPMO). It is
shown that the model is able to replicate the charac-
teristics of the experimental data in remarkable detail
and allows us to define the extent to which intrin-
sic anisotropy effects and thermal fluctuation effects,
which both contribute to shaping the temperature de-
pendence of the macroscopic response of the LNPMO.
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2.Experiment

Samples with nominal compositions LNPMO
were prepared by conventional ceramic techniques.
Stoichiometric quantities of ultrapure (LagO3, NdyOg,
PbO, MnO;) were mixed for 24h by ball milling in
acetone, pressed into pellet form, heated in air at
850°C for 24h, hand ground with a binder, granu-
lated, pressed into a disc shape, and sintered for 72h
in air at 1100°C for obtaining the manganese per-
ovskite. Magnetic measurements were performed as
a function of both applied field and temperature in a
Quantum Design MPMS model 6000 system. X-ray
diffraction data acquired using a Philips PW1710 au-
tomated diffraction system with a Bragg—Brentano go-
niometer confirm a single-phased rhombohedral struc-
ture. The lattice parameters of the LNPMO are
a=0.77719(£0.00008)nm, and #= 90.19 (£0.01)°.

3. Analysis

Figure 1 shows the temperature dependence of
the FC and ZFC moments measured in a low applied
field H,=3978.87A /m, and Fig.2 shows the major hys-
teresis loop measured at T=10K, for the doped lan-
thanum perovskite LNPMO. For this material, the FC
and ZFC data were measured on warming in the field
H,, after first cooling the system to T=10K in the
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field H, and in zero field, respectively, from a temper-
ature in the paramagnetic regime above T¢. The dis-
crete points in these figures are experimental data and

the solid curves are numerical Preisach simulations.

The solid curves in Figs.1-3 are numerical simulations
based on the extended Preisach model described ear-
lier, and the corresponding fitting parameters for the
LNPMO are listed in Table 1.

Table 1. Preisach fitting parameters.

To/K Heo/(A/m) Te0 oio/(A/m) to/(A-m?) r
220 10160 8.5 11544.6 6.8x10~16 0.32
I r! ry X/(m/A) f Maat/(Am?) In(texp /7o)
3.19 5.6 0.5 7.28x1076 0.30 4.7x1073 25

A comparison between the two curves in Fig.1
reveals a number of structural similarities in the tem-
perature dependence of the FC and ZFC moments for
the LNPMO. In this system, the data are character-
ized by a bifurcation temperature which roughly coin-
cides with the critical ordering temperature, T¢=220K
for the manganese perovskite. Above the bifurcation
temperature, the FC and ZFC moments are essentially
identical and the material behaves like paramagnetic
compound, while below the bifurcation temperature
the two branches diverge very strongly, indicating the
start of irreversible behaviour. The FC moment varies
monotonically with temperature, while the ZFC mo-
ment exhibits a peak close to T¢. The mayor hystere-
sis loops in Fig.2 show that the manganese perovskite
with H.(T=10K)~8.76kA /m.
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Fig.1. Temperature dependence of the FC and ZFC
moment of LNPMO measured in an applied field
H,=3978.87A/m. The discrete points are experimen-
tal data and the solid curves are numerical simulations.
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Fig.2. Major hysteresis loop for LNPMO measured
at T=10K. The discrete points are experimental data
and the solid curve is numerical simulation.

The data have been analysed within the frame-
work of a generalized Preisach model of hysteresis.[>~7]
The essential elements of the model are as follows. It
is assumed that all magnetic systems can be regarded
as an ensemble of bistable subsystems, each with a
moment M, two states ¢ = =M, and two free energy
barriers W_., which can be represented by two equiv-
alent fields: a coercive field H.=(W, + W_)/2M and
an interaction field Hi=(W, — W_)/2M. A specific
magnetic material is characterized by a distribution of
these fields:

p(H;, He, T) =6(M, My(T))(2m02 H?) "/ ?exp
x (= log[H/H.(T))*/202)(2m0?) ™/
x exp(—H? /207).
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The application of an external field[® distorts the
free energy barriers to W, = Wy + MH,, and in-
duces transitions whenever W/ =0. Temperature en-
ters the model in two ways. One of these is thermal
fluctuations, which effectively reduce all of the free en-
ergy barriers W) by W*(T') = kgT In(texp/70), where
70(= 10~ %s) is a microscopic time and teyp, is the ex-
perimental time constant, and are described by an
equivalent thermal viscosity field Hi =W™*/M. The
other is variations in the intrinsic properties of the
subsystems themselves with temperature, which in-
clude the critical behaviour of the spontaneous mo-
ment M(T) = Mo(1 — T/Tc)", as well as the related
temperature-dependent growth of the free energy bar-
riers W4 (T'), which are represented by introducing
power law temperature dependence into the Preisach
distribution parameters H.(T) = H.o(1 — T/Tc)e,
0 = 0eo(1 = T/Tc)Te, o5 = oip(1 — T/Tc)™. The
temperature dependence of the free energy is thus de-
fined by the four exponents I', I'., I} and I'.. The pa-
rameter ' plays the same role as the critical exponent
[ employed in the critical analysis. Both field induced
and thermally induced transitions are represented ge-
ometrically by instability lines in the Preisach plane
(H., H;), and these have been exploited to construct
geometrical representations for the FC and ZFC pro-
tocols, as well as for magnetizing curves and hysteresis
loop.

In this article, we focus particularly on the
FC/ZFC response in the low field limit since this
is where the influence of the critical behaviour aris-
ing from the collapse of the barrier distribution as
T — T¢ is most evident. In both cases, the fits
show that the behaviours of the FC and ZFC branches
are dominated by different physical mechanisms: the
shape of the ZFC branch is determined primarily by
thermal fluctuations Hf and by the collapse of the
median coercive field H.(T), while the FC branch
is sensitive to the temperature dependence of the
spontaneous moment M (7T) and the interaction fields
0i(T). Thus, in the LNPMO, the gradual increase in
the ZFC moment with temperature increasing origi-
nates from thermal overbarrier activation, as defined
by Hi=W?*(T)/mg, while the peak is a consequence
of a competition between the variations of the coer-
cive field H.(T)=(10160A/m)(1 — T/T¢)3*'® and the
spontaneous moment M (T)=(6.8x10"16A.m?) (1 —
T/Tc)%32 with temperature. By contrast, the ampli-
tude and the shape of the FC branch are defined by

oo and by the exponents I} and I'. The pronounced
bifurcation of the ZFC and FC branches in the low
applied fields is a consequence of two inequalities,®!
oig > H,, FC keeps constant below T¢, then decreases
quickly to zero at T, and H, > H, which ensures
that the ZFC has a peak near T. The fit to the hys-
teresis loop in Fig.2 is achieved by supplementing the
Preisach response with a reversible component, so that
M = M {(1 — ) Moreisacn & f11 — exp(A | H[)]} with
0< f <1, and the parameters f and A are also included
in Table 1. The model contains two characteristic en-
ergies, which allow us to quantify the relative effec-
tiveness of thermal fluctuations and intrinsic effects.
One of these is the mean zero temperature anisotropy
barrier W,(0) = MyH.o, and the other is the criti-
cal thermal fluctuation energy W = kgT, In(texp/70)-
For the LNPMO, W, (0) = poH.=8.677x10"8J, and
W = kpTeln(texp/70)=7.59x1071%], so n = W,(0)/
W = 11.43, showing that W,(0) > WZ. Ther-
mal fluctuations are expected to play a relatively mi-
nor role in defining the temperature dependence of
the magnetic response functions. So, the LNPMO is
anisotropy-dominated.

Figure 3 shows a comparison between the tem-
perature dependence of the mean anisotropy bar-
rier obtained from the fits, normalized to W,(0),
Wa(T)/W.(0)=(1-T/Tc) e (1-T/Tc)" and the nor-
malized thermal fluctuation energy W*(T')/W,(0) =
(kBT /Wa(0)] In(texp/T0). The intersection of the two
curves determines the mean blocking temperature
Thlocking=205K, above which the system is superpara-

magnetic, and below which the system response is ir-

reversible.
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Fig.3. Temperature dependence of the mean

anisotropy barrier W, (T)/Wa(0) in obtained from the
numerical simulations, and the thermal fluctuation en-

ergy W*(1)/Wa(0).
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4. Conclusions

The data are analysed within the framework of a
generalized version of the Preisach model, which com-
bines thermal fluctuations with the growth of the free

energy barriers. The numerical simulations match the

major features of the ZFC/FC magnetization, and re-
produce the details of the spectrum of Barhausen in-
stabilities in this material. Such analyses provide com-
pelling support for the validity of the Preisach model
as a physical representation of irreversibility in prac-

tical magnetic systems.
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