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Prediction of the Magneto-Resistance of Lags;CagsMnOs and LaggSro,MnOs via

Temperature and a Magnetic Field
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Temperature- and magnetic field-dependent resistivity is a crucia parameter in determining the physical
properties of manganites. The first objective of this work was to find out an applicable method of using
temperature to predict the resistivity and control the transition of LaygSroo,MnO3; and Lag ¢7Cap33MNO3 from
the insulator phase to the metal phase in the transition area. Predicated on nonlinear curve fitting, a typica
numerical method is used to quantitatively analyze the temperature-dependent resistivity for temperatures
both less than and higher than the metal —insulator transition temperature (T,). The simulations agree very
well with the observed spectra (resistivity versus temperature). The second objective of this work was to
find out the mathematical relationships between the magnetic field and the maximum resistivity pma as well
as the metal —insulator transition temperature, T,. On the basis of the calculated results from the nonlinear
curve fitting method, the magnetic field-dependent T, and pma are theoretically explained successfully via
three functions. The minimum correlation coefficient between the actual and the calculated data is 0.994.
The average relative errors between the measured and the modeled quantities do not exceed 5.86 % in all
considered cases. To my knowledge, the effects of the magnetic field on the shift of both the maximum
resistivity and the metal —insulator transition temperature of manganites are quantitatively discussed for the

first time.

Introduction

Since the discovery of colossal magneto-resistive effects, the
magnetic perovskites of the type La;—,AMnO; (A stands for a
divalent atoms. A = Ca, Sr, Ba, Pb) have attracted much
attention because of the rich physics involved as well as their
potential use in device applications.>™® Among these com-
pounds, Lags,Cap3sMNOs and LaggSrp,MNOs are of great interest
due to their high magneto-resistance at low temperatures.
Electromagnetic properties, such as resistivity, p, the maximum
resistivity, pma, and the metal —insulator transition temperature,
T,, are of great interest in engineering processes as well as the
progress of electromagnetic theories. Systematic research of
those properties as a function of temperature and magnetic field
can give insight into the molecular structure of mixtures, provide
information on the interaction between components, and are
essential for designing and testing theoretical models of
mixtures. It is believed that the phase transition of manganite
materials can be predicted by analyzing the resistivity or electric
resistance as a function of temperature. The spectra of the
temperature dependent resistivity of a manganite material
indicate its metal —insulator transitions during the temperature
change and the transition order at a specific temperature.
Manganite materials are ferromagnetic with a Curie temperature.
The transition to magnetism is accompanied by a metal—insulator
transition, the manganites being nonmetallic above and metallic
below the Curie temperature. The metal —insulator transition also
strongly depends on the applied magnetic field, thus leading to
alarge “colossal” magneto-resistance near the transition tem-
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perature. Therefore, the temperature-dependent metal —insulator
(M1) transition is probably the most dramatic electromagnetic
property.

The most effective way to understand a physical phenomenon
is to find a mathematical expression by which the quantitative
relationship between two physical terms can be described.
However, at present three models, that is, Arrhenius law,’
polaron model,® and variable-range hopping model,® are used
to fit high-temperature (T > Tp) resistivity data on the manga-
nites, where T, is the metal —insulator transition temperature.
These three laws are very important in manganite research
because they very well describe the observed high-temperature
variation in the conduction mechanism. However, it has to be
kept in mind that the pure Arrhenius law might be a very crude
approximation.’® The polaron model is valid only for temper-
atures higher than half the Debye temperature ©p°. When the
carriers are localized by random potential fluctuation, Mott’s
variable-range hopping model is effective.*® Although the above
three laws can give an acceptable explanation for the relationship
between the resistivity and the temperature in the paramagnetic
phase, there is still no clear conclusion of whether or not the
resistivity can be continuously predicted by temperature from
the insulator phase to the metal phase for individual manganite
with only one equation. The interest in resistivity and electric
resistance is growing in the context of manganite. Unfortunately,
few studies address this subject. Resistivity is usualy one of
the important physical parameters characterizing a new com-
pound. However, accurate calculations of resistivities are quite
difficult from a theoretical perspective. Hence, in this work, a
mathematical function was first chosen to predict resitivity from
the insulator phase to the metal phase that is as close as
practically possible to Lags;Cay3sMnO3z and LaggSro,MNnO3 so
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Figure 1. Resistivity, p/Q-cm, of LagsCan33sMnO; and electrical resistance, R/Q, of polycrystalline LaggSro,MnOs as a function of absolute temperature,
T, at different magnetic fields, B. In &, the resistivity, p/€2-cm, of Lage/Cay3sMnO; was applied by magnetic fieldsBat O,0T; +,1T; A,3T; x,5T; v,
7 T.Inb, theresistance R/Q of polycrystalline LaggSro,MnO; was plotted as a function of temperature, T, at magnetic fields, B, of O,0T; +, 0.2 T; v, 0.5

T, x,1T,@,2T; %,4T; A, 6 Tandv,8T.

that a more incisive probe on sorting out the results of the
spectrum of temperature-resistivity or resistance in some cases
can be provided. On the basis of the comparison between the
shapes of experimental curves and the shape of the Gauss
function, 13 resistivity and electric resistance curves as a
function of temperature are simulated in the following sections.
Second, to forecast the key electromagnetic parameters of
manganites, the formula for comprehending the effects of the
magneticfieldonthemaximumresistivity, pmax, and metal —insulator
transition temperature, T,, is proposed from data fitting of
computer simulations. Satisfactory agreement is reached between
the measured pma and the modeled one. At the same time, T,
is obtained for Lags7Ca3sMNO;z and LaggSrp,MNnOs. Therefore,
the proposed approach allows estimation of the shifts of T, and
Pmax fOr individual manganite materials.

Simulation

Theresistivity of manganite materials is determined by severa
parameters such as composition, temperature, the applied
magnetic field, grain size, and so on. Some values of resistivity
and electric resistance were generated** to show the applica-
tion of the method. The obtained raw data are shown in Figure
1 versus temperature. The effects of both temperature and the
applied magnetic field on the resistivity of nanocrystalline
Lay67Ca3sMnO; are illustrated in Figure 1a' at low temper-
atures. A typical plot of variation of electrical resistance with
temperature in the case of polycrystaline LaggSro,MnO; at
different magnetic field runs is shown in Figure 1b.*?

Thereis one peak in each spectrum of the 13 curvesin Figure
1. The temperature dependences of the measured resistivity and
electrical resistance (Figure 1) are typical for magnetoresistive
materials, exhibiting a two-phase behavior with a more conduc-
tive (metallic) and aless conductive (insulating) region separated
by apronounced maximum at the peak temperature T,. The peak
temperature is also known as the metal—insulator transition
temperature. This characteristic shows that resistivity or electri-
cal resistance increases slowly in the range from 0 to T, and
drops down rapidly when the temperature is larger than T,.
Therefore, every curve is a cusp. The conduction mechanism

of manganites at high temperature (T, < T) has been explained
by the simple Arrhenius law, the polaron model, and the
variable-range hopping model law in the past.

It can be concluded that the patterns shown in Figure 1 can
be analyzed in detail with fitted parameters of the desired model.
The tactful way to find the mathematical relationship between
the resistivity and the temperature or magnetic field isto fit the
curve. There are two paths for curve fitting. One way is to
directly apply the fitting function; another way is to create a
mathematical model when there is no appropriate fitting function
available. After checking the fitting function, it is found that
thefirst strategy is effective enough in this work and the Gauss
function offers such an opportunity. The applicable Gauss
function is expressed by eq 1

o(T) = p(T,) + ﬁﬁexp(—z(w — TKYW) .
1

where p(T,), A, Tq, and w are constants and will be optimized.
If the Gauss function (1) is available for predicting resistivity
p for an individual manganite at temperatures across the
measurement range, the minimum value of p is given by
o(Th—). Hence, the physical significance of parameter p(T,)
is the resistivity of manganite materials at very high tempera-
tures. The maximum data of p are given by parameter p(T,), A,
and w in the following form

A
Pmax = Pl oo T —— 2
e T w\r/2

So it is easy to rewrite the Gauss function (1) as

A 2
= o+ ———exp(—2(T/IK — T,/K)*W
o(T) = pmin T vaz/zeXp( ( o K)Iw) o
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Table 1. Results of the Simulation of the 13 Spectra Made of Temperature T/K and Resistivity p/Q-cm or Electric Resistance R/Q?

materials and applied

magnetic fields B function form R with Gauss ARE with Gauss/%
Laoe:CapsMnOs, 0 T o(T) = 40.41 + 40633.2 exp(—2(T — 161.9)%/84.6%) 0.999 3.48
84.6V7/2
LaysCaozsMnOs, 1 T o(T) = 44.29 + 320932 exp(—2(T — 162.1)%/83.59) 0.998 430
83.5Vx/2
LansiCaouMnOs 3T p(T) = 32.33 + 222000 o7 — 172.4)%/91.8) 0.999 25
91.8V7/2
La6:Ca3sMNnOs, 5 T o(T) = 2875 + 177256 exp(—2(T — 174.8)%/96.5%) 0.999 23
96.5V7/2
Laoe:CapssMnOs, 7 T o(T) = 16.40 + 156778 exp(—2(T — 182.5)%/106.5%) 0.999 153
106.5V7/2
. 845.1 2 2
LaosSr0.MnOs, 0 T R(T) = 0.36 + ——=— exp(—2(T — 197.4)%/124.7%) 0.994 3.98
124.77/2
_ 770. 2 2
LaosSro.MnOs, 02 T R(T) = 044 + — = exp(—2(T — 201.2)%/120.89) 0.994 4.65
120.8V7/2
_ 696.6 2 2
LaosSro,MnOs, 05 T R(T) = 0.56 + ——>— exp(—2(T — 203.7)%/113.6%) 0.995 5.86
113.6V7/2
_ 658.2 2 2
LaosSr0oMnOs, 1 T R(T) = 048 + —>2— exp(—2(T — 204.2)%/114.1%) 0.997 4.48
114.1N7/2
_ 598.8 2 >
LaosSrooMnOs, 2 T R(T) = 045 + —=C_ exp(—2(T — 204.4)%/119.9% 0.996 3.48
119.9V7/2
_ 548.8 2 >
LaosSrooMnOs, 4 T R(T) = 0.26 + ——=— exp(—2(T — 205.7)%/129.0%) 0.996 3.81
129.0V7/2
_ 442.8 2 2
LaosSr0MnOs, 6 T R(T) = 0.32 + —=2_ exp(—2(T — 208.5)%/131.39) 0.996 3.40
131.3V7/2
B 400.7 2 2
LaosSrooMnOs, 8 T R(T) = 0.18 + ———— exp(—2(T — 210.7)%139.1% 0.998 243
139.1V7/2

2R correlation coefficient; ARE: average relative error.

This paper analyzes the resistivity curves of Lags;CagzsMnOs
and electrical resistance curves of LaggSrg.MnO; at different
magnetic fields according to the above approach (3). Then
through experimental raw data employed in the method of
the regression analysis, the experimental spectra for
Lay67Ca933MNO3 and Lag sSro2MnO; in various magnetic fields
have been simulated using the component spectra shown in
Figure 1. Optimized parameters employed to simulate the
component spectra are also listed in Table 1. The modeled

verification is also carried out by a comparison of modeled
resistivity obtained by numerical integration of resistivity to
measured resistivity in Figure 2.*%'2 The comparison between
the results of the chosen peaks and the best-fitted value of
parameter Ty by the Gauss function (3) indicates that parameter
Ty corresponds to the metal —insulator transition temperature,
Tp. In other words, the physical significance of parameter Ty is
just the metal —insulator transition temperature Tp,.
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Figure 2. Comparisons between experimental and calculated temperatures, T, and the dependence of the resistivity, p/Q2-cm, for Lags;Cag 33MNnO; measured
at several magnetic fields (aand b) as well as electrical resistance, R/Q, for LagsSro.MnO; (c and d). Here, the symbols O and --- refer to experimental and
theoretical resultsat O T of magnetic field, B, in & the symbols A and - - - are experimental and theoretical dataat 3 T of magnetic field, B, in & the symbols
O and — stand for experimental and theoretical dataat 7 T of magnetic field, B, in a. The symbols O together with - - - refer to experimental and theoretical
resultsat 1 T of magnetic field, B, in b; the symbols A and — are experimental and theoretical resultsat 5 T of magnetic field, B, in b. The symbols O and
- - - are experimental and theoretical results at O T of magnetic field, B, in c; the symbols A and — refer to experimental and theoretical resultsat 0.5 T of
magnetic field, B, in c¢; the symbols O and --- stand for experimental and theoretical results at 2 T of magnetic field, B, in ¢; the symbols v and --- are
experimental and theoretical results at 6 T of magnetic field, B, in ¢. The symbols O and - - - are experimental and theoretical results at 0.2 T of magnetic
field, B, in d; the symbols A and — refer to experimental and theoretical resultsat 1 T of magnetic field, B, in d; the symbols O and --- stand for experimental
and theoretical results at 4 T of magnetic field, B, in d; the symbols v and --- are experimental and theoretical results at 8 T of magnetic field, B, in d.

To verify the accuracy of the simulation, the correlation
coefficient between the measured and the simulated dataiis given
in Table 1; the minimum magnitude of the correlation coefficient
is 0.994. The average relative error (ARE)

i=n

; Z |pim - pisl -100 %
ni= Pim

to evaluate the simulation resultsis aso shown in Table 1, where
Pim IS measured data, and pjs stands for the value obtained by
simulation. The maximum value of ARE is4.28 %. Asis shown
in Table 1 and Figure 2, it can be stated that a satisfactory
agreement between the measured and the modeled p or R is
achieved by the functions given in Table 1. This good agreement
implies that the metal —insulator transition temperature, Tp, can
be confirmed more precisely by the Gauss function simulation
for Lags7Cag3sMnO3z and LagsSro,MnOs. Moreover, the theo-
retical values of the minimum and the maximum resistivity of
such manganite materials can be estimated in an easier way by

the Gauss function simulation because it is effective from the
insulator state to the metal state.

The influence of the magnetic field on the resistivity of
manganites is addressed in Figure 1, which presents p(T) of
the Lag67Cap33MnO3 and LaggSro.MnO3 in the magnetic field.
The enhanced magnetic field results in a decreasing of the
samples’ resistivity in the transition area, showing a typical
colossal magneto-resistive effect. Resistivity should be among
the last quantities to be evaluated in reliable theoretical
calculations, since their values rely heavily on the pattern of
long-range or local spin, charge, and orbital order in amaterial.
There is some hope to reved the quantitative relationship
between the magnetic field and the maximum value of resistiv-
ity, pmax- Figure 3a,b illustrates the results of magnetic field
dependence of prax Of LagsSro,MnNO3 and Lags;Can3sMnOs. The
best-fitted results show that the logistic equation successfully
gives a quantitative relationship between pma and magnetic field
via nonlinear curve fitting, and the logistic function is written
as
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Figure 3. Geometry used to determine the maximum electrical resistance, Rna/€2, of LaggSro2MnOs, the maximum resistivity, pma/2 +cm, of L&y sCay3sMNnOs
and metal —insulator transition temperature, Ty, by the magnetic field, B. (a) Scatter plot of Rn/€2 against the magnetic field and |east-squares curve regression.
(b) Geometry used to calculate pma/Q*cm by the magnetic field. (c) Measured and modeled T, of LaysSro.MnO3 along the magnetic field. (d) Scatter plot
of Ty, of LayezCanasMnO; along the magnetic field and least-squares linear regression. Where the symbol O refers to measured data, while the symbols +

together with x stand for modeled results.
A — A
B/T\P
1+ (Ba/T)

Pra(B) = A + “)

In Figure 3a, the modeled Ry Of LaggSro.MnOs is compared
to experimental data. In the case of LaygSro2MnOs, Ryax 8S @
function of the magnetic field is described as follows:

5.86 + 0.48
B/T\L04 ®)
73)

R,a(B) = 5.86 +

Using eq 5, it is found that the correlative coefficient between
the fitted value of R, and the measured data of Ry is 1.0,
and the average relative error is 0.1 %.

The plots of pmax Versus magnetic field for Lags;Cay3sMnO3
have been fitted with the logistic model, as shown in Figure
3b. The optimized parameters of A;, A,, and B, obtained from
the fitting of the experimental data are given by

429.7 + 39.9
L4 (BT (6)
(24)

(B) = 429.7 +

Pmax

The logistic function (eq 6) yields 1.0 for the correlative
coefficient between the fitted value of pma and the measured
data of pmax, and the average relative error is 0.1 %.

Since no comprehensive theory which could explain all of
the complexity of colossal magneto-resistive like phenomena
has been suggested so far, the competition between CO (charge-
ordering) and ferromagnetic is indeed a key component of the
current theories of manganites aiming to explain the colossal
magneto-resistive phenomenon. The logistic model successfully
retraces the experimental behavior of the maximum resistivity
in Lags,Cay3sMNnO3 and LaygSrp,MnOs. The maximum resistiv-
ity isfound to decrease with the increased magnetic field in the
form of the logistic function, which implies alogistic increase
in the carrier density. Hence, it is appropriate to use the logistic
model in forecasting the maximum resistivity before one
magnetic field is applied. Another benefit of eq 4 may be
obtained by the design of magnetic field sensors.

Having discussed the mathematical relationship between
magnetic field and pmax, attention should be paid to the influence
of the magnetic field on the metal —insulator transition temper-
ature, T,. It can be seen from Figure 1 that the T, of both
Lay67Cap33MN0O3 and Lag gSro ,MnO;3 shifts toward higher tem-
perature with increasing magnetic field. The detailed analysis
inferred that T, has some relation with magnetic field B (unit is
T). To caculate T, from the magnetic field, the T, of



LaygSro2MnO; as a function of magnetic field B is plotted in
Figure 3c. The nonlinear curve fitting is the best method of
obtaining the relationship between T, and magnetic field. In
Figure 3c, the measured and modeled T, versus magnetic field
are depicted for determining T, of LagsSro-MnO; using magnetic
field data. The equation to characterize thisrelationship iswritten
as follows:

204.24 — 7.8+(3.3-10 2)7[0, 4T]

.
199.54 + 1.33-B/T[4, 8T] Y

T,(B) = {

Although the magnetic field dependence of T, is complex in
Figure 3c, the T, data [0, 4T] of L&ysSre,MnO; of the present
investigation are found to fit well with the asymptotical function

T,(B) = 204.24 — 7.8:(33-10 3°7[0,4T]  (8)

The correlative coefficient between the fitted value of T, in the
range from (0 to 4) T and the measured data of T, is0.979, and
the mean relative error is 0.22 %. The mathematical mechanism
of T, at high magnetic field [4, 8 T] is explained by a line
equation, and the equation is given by

T,(B) = 199.54 + 1.33-B/T[4, 8T] 9)

In this case, the correlative coefficient between the fitted value
of Ty in the range from (4 to 8) T and the measured data of T,
is 1, and the mean relative error is 0.029 %. The asymptotical
function consistently explains the relation between magnetic
field and T, in the range from (O to 4) T for LaygSro-MnOs.
This may be due to the fact that delocalization of charge carriers
areinduced by the applied magnetic field very rapidly in alow
field, which in turn might suppress the resistivity and also cause
local ordering of the magnetic spins at the same speed. Because
of this ordering, the ferromagnetic metallic state may suppress
the paramagnetic insulating (PMI) regime. As a result, the
conduction electrons (e}) are completely polarized inside the
magnetic domains and are easily transferred between the pairs
of Mn*" (t3el: S= 2) and Mn*" (3,3 S= 3/2) via oxygen,
and hence the peak temperature (Tp) shifts to the high-
temperature side with applications of the magnetic field. In the
higher field region from (4 to 8) T, delocalization of charge
carriers is uniformly induced by the applied magnetic field,
which in turn might suppress the resistivity and also cause local
ordering of the magnetic spins in the same way.

Figure 3d shows the construct of the T, of Lage7Cag3sMnO;
as the function of magnetic field. According to the regression
lines for T, and magnetic field in Figure 3d, it can be seen that
there is a very simple linear relationship between the two
variables. Therefore, the functional form between T, and
magnetic field for Lays;Cay33Mn0O; is expressed by eq 10 as
follows:

T,(B) = 160.57 + 3.08-B/T (10)

The correlative coefficient between the fitted value of T, and
the measured data of T, is 0.994, and the mean relative error is
0.713 %. It is inferred from eq 10 that the applied magnetic
field homogenously induces delocalization of charge carriers,
which in turn might even suppress the resistivity and also
uniformly cause local ordering of the magnetic spins. Due to
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this linear ordering, the ferromagnetic metalic state may
suppress the paramagnetic insulating (PM1) regime. As aresult,
the conduction electrons (e}) are completely polarized inside
the magnetic domains and are easily transferred between the
pairs of Mn®t (8,6} S = 2) and Mn*" (3, S = 3/2) via
oxygen, and hence the peak temperature (Tp) shifts at uniform
velocity to the high-temperature side with application of the
magnetic field.

Impressively, it can be observed that the theoretical results
of T, derived by both egs 7 and 10 are consistent with the
experimental data in Table 1. From this it may be stated that
the magnetic field is correlative with T,. Therefore, it isfeasible
that egs 7 and 10 are used to determine the change of T, through
the magnetic field. It is also appropriate to use eqs 7 and 10 in
forecasting T, before one magnetic field is applied. The direction
of design for temperature-sensitive sensors may be instructed
through egs 7 and 10.

Conclusions

In this research, the resistivity of Laye;Cay3sMnOz and
electrical resistance of LaggSro,MnO; were calculated for the
continuous phase transition as a function of temperature from
the ferromagnetic state to the paramagnetic state. A typical
mathematical function was applied. Not only can the function
describe the change of the resistivity or electrical resistance with
temperature across the measured range, but aso it predicts some
characteristic indexes of manganite materials. The theoretical
values simulated in this paper are consistent with experimental
data; the maximum data of mean relative errorsis 5.86 %, and
the minimum value of the correlation coefficient between the
actual and the calculated data is 0.994. The good agreement
between the measured and the simulated results of resistivity
and electrical resistance indicates that the cusp peak function
can accurately predict some aspects of LageCapzsMnOs; and
LaygSro2MnOs. It is not sure that each spectrum in the form of
electrical resistance or resistivity versus temperature for man-
ganites can be simulated from the insulator phase to the metal
phase, but it is true that the resistivity of Lage7Cag33MnO; and
electrical resistance of LaygSro,MnO; can be accurately calcu-
lated because of individua differences. Since the Gauss function
denotes a relaxation process, the fact that the resistivity of
Lags,Cag3:sMnO3 and electrical resistance of LaygSrgoMnO; were
fitted well with the Gauss function suggests that resistivity and
electricdl  resistance versus absolute temperature of
L&y 67C8033MN0O;3 and LaggSro,MnO;s is the relaxation process
of Gauss. It is aso worth noting that the benefit of the
mathematical relationship between the magnetic field and the
maximum resistivity along with the metal —insulator transition
temperature reported in this paper indicates that there is not
only some quantitative bridge to link the maximum resistivity
and magnetic field but also some possible connection between
the magnetic field and the metal —insulator transition temperature
for other manganites. More importantly, the good agreement
between the observed and the predicted results of magneto-
resistance is helpful to understand the properties of manganites
using a mathematical method.
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