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With a view to investigate the magneto-structural properties and influence of an-
nealing on magnetoresistance of strontium-doped lanthanum manganite, samples
of La,; Sr.MnOj; were prepared and their magneto-transport properties have been
investigated in this article. Magnetoresistance is enhanced from 6% to about 94% at
room temperature due to annealing. Resistivity and Seebeck coefficient were investi-
gated over the temperature range 83 <T<313 K. The quasi-static magnetization was
investigated in the temperature range of 5-400 K under effect of a magnetic field of
100 Oe in both moods of field cooling presence besides the zero field cooling. The
measurements of magnetization showed Curie transition from ferromagnetic be-
havior to paramagnetic one. The Curie transition values increased with increasing
the strontium content suggesting that the transfer integral between two Mn sites
would be enhanced due to the substitution of smaller La ions (117.2 pm) by great-
er Srions (132 pm). Various parameters were calculated from the application of
variable range hopping and single polaron hopping models. Both models were
utilized to investigate the effect of Sr on the conduction behavior. The behavior
of thermopower with temperature was demonstrated on the basis scatterings of
phonon-and magnon-.

Key words: magnetoresistance, Curie transition, ferromagnetic region,
polaron hopping, magnon-scattering

Introduction

Rare-earth La, ,A,MnO; manganites are of high interest because of their unique mag-
netic characteristics. As reported, La; ,A,MnO; and based alloys show high interest in appli-
cations such as in magnetic sensors, ferroelectric memories and recording devices [1-8]. The
paramagnetic/semiconductor to ferromagnetic/metal transition has been demonstrated during
the double exchange between Mnions [5] besides the creation of polarons at a transition tem-
perature [6-8]. Many attempts have been conducted to describe the conduction mechanism
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above a transition temperature of these compounds. Some studies reported that Mott variable
range hopping (VRH) model is well applied above T}, but over a limited temperature range.
However, intensive analyses on the conductivity and thermoelectric power data favor the small
polaron hopping (SPH) due to lattice polaron formation [9-12]. Therefore, it is difficult to
distinguish whether the VRH or SPH model can represent the characteristics of a semiconduc-
tor behavior. In the concerned work, we introduce a complete investigation of the electrical
conduction in order to determine the models that describe the conduction mechanisms over
different temperature regions. However, most of the previous studies do not take into account
the location of transition temperature neither in the degenerate nor in the non-degenerate state
of semiconductor which is an interesting and relevant problem to address. To be much closer
to the side of the application we, experimentally, measured the magnetoresistance of the con-
cerned samples and identified the best value at room temperature, next to that, heat treatment
was carried out for enhancing magnetoresistance at room temperature. In terms of comparison,
MR measurements showed relatively high values which strongly suggest applications in the
field of hard disc devices and sensors manufacturing.

Experimental

La; ,St,MnO; (x = 0.1, 0.15, and 0.2) were first synthesized via a standard solid-state
method. At the beginning, La,O; (heated at 873 K for dehydration), Sr,CO; and MnCO;, all
with purity grade 99.99%, compounds were gathered together according to the required stoi-
chiometric amounts. The mixtures of these precursors were grounded (for 30 minutes) and
compacted under a pressure of 5 tonne per cm? followed by calcination at 1173 K for 12 hours.
Secondly, the samples were reground using ball milling for 50 hours to obtain fine powders.
The milled powders were finally pressed into pellets under a pressure of 7 tonne per cm?* and
thermally treated at 1373 K for 18 hours [13]. The XRD was used to identify the induced phases
and internal structure of the compositions at hand. The morphology was characterized using the
SEM. The resistivity vs. temperature measurements were carried out using a homemade cryo-
stat throughout the four-probe method discussed in detail in a previous work [14]. Magnetic
features were characterized with the aid of a vibrating sample magnetometer from LDJ 9600
model.

Results and discussion
Structure and morphology

The morphological properties of as prepared La,.,Sr,MnO; samples (x =0.1, 0.15, and
0.2) is shown in fig. 1. A uniform grains distribution is obvious in all samples. Clearly, porosity
decreases, and the samples become denser as the Strontium content increases. It is noted that
the average size of grains decreases as the Sr content increases. Noteworthy, the grain size (GS)
and grain morphology have significant effect on the transport and magneto-transport properties
of the manganites [15, 16]. The XRD patterns are given in fig. 1 for La, ,Sr,MnO; (x=0.1, 0.15,
and 0.2) samples. The data revealed rhombohedral perovskite structure with space group R3¢
which is well known for La, ,Sr,MnO; (LSMO) compounds [17-19]. No indication of the exis-
tence of impurity phases could be detected even at higher Sr concentration levels. The normal-
ized intensity of the most intense peak (observed at 26 = 32.22°) is improved significantly with
x increase indicating a crystallization favorability in this direction. Changing the Sr content in
the composition is associated with favorability of crystalline orientations in certain directions.
For instance, the peak at 26 =~ 22.5° appears for the x > 0.15 sample although it is not observed
for the samples with the lowest Sr content (x = 0.1). A significant effect of Sr content on the
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width of the induced peaks can be observed. To be more specific, the induced peaks become
broader as the Sr content increases indicating a notable reduction of the crystallite size (CS).
It is clear from tab. 1 that for the same sample the GS is much higher than the CS because the
former composes of many crystallites besides stresses and/or structural defects [20].

(b)

Intensity [a.u.]

70 80 90
2617

Figure 1. The SEM images of La, ,Sr,MnOs; (a) x = 0.1, (b) 0.15, (¢) 0.2, and (d) XRD

Table 1. The CS and GS as determined from the XRD and
SEM results, respectively, T, Twr, and 7. La,,Sr,MnO; samples

X 0.1 0.15 0.2
CSxrp [nm] 48 58 68
GSspum [nm] 132 136 152
T [K] 113 113 123
Tur [K] 140 151 123
T. [K] Zero field cooled 113 123 170

Electrical properties

Temperature dependency of resistivity with/without external applied DC magnetic
field (H = 0.57) was studied within the temperature range (83 < 7' < 313 K) as depicted in
fig. 2. For easier comparison the Lnp-T plot of H = 0.57 magnetic field for a distinct sample is
presented together with that of zero magnetic field in one figure, fig. 2. Similarly, Inp-T varia-
tion measured at 0.57 for all compositions show the transition from metallic to semiconducting
behavior. It can be observed from fig. 3 that each MR-T variation shows a maximum at a certain
temperature, Tyr. The Tyr values were found to be comparable with those of T, see tab. 1 and
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fig. 2(d). Noteworthy the highest MR value at room temperature was determined to be 6.6% and
recorded for the x = 0.15 sample. As a rebuttal to this point, it might be convincingly argued the
effect of annealing on this sample in the following section.
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Figure 2. Temperature dependency of Ln(p) (at H =0 and 0.57) for La,_.Sr,MnQs;
(a)x=0.1, (b) x=0.15, (¢c) x = 0.2, and (d) MR%

Noteworthy, for each composition, the Inp-T plot measured at H = 0.5T plot is always
below that measured in zero field. This means resistivity declines by applying an external mag-
netic field because spins get favorably oriented, and charge carriers exhibit lower scattering

throughout the process of hopping [21, 22]. This allowed us to calculate the negative MR using
the relation:

p(H)-p(0)
p(0)

where p(H) and p(0) are the resistivity values with and without applying magnetic field, respec-
tively.

MR = x100 (1)

Effect of annealing

Heat treatment is critical for perovskite materials where it can strongly influence their
transport properties. Annealing process may change the defect concentration and thereby alter
the carrier concentration besides its influence on the GS and grain orientation of samples under
study therefore, one can understand that there is a tremendous influence of annealing on CS and
electrical properties too.

The data gathered from fig. 2(d) suggests that the sample x = 0.15 has the greatest
value of MR%. Therefore, the central issue addressed here is how we enhance this value at
room temperature. The answer to this question makes our curiosity to investigate the impacts
of thermal treatment on this particular sample. Figure 3 shows the relation between MR% and



El-Qahtani, Z. M. H., et al.: Structural and Magnetic Properties of ...

THERMAL SCIENCE: Year 2025, Vol. 29, No. 1A, pp. 383-394 387
temperature at different time intervals taking in
our consideration the annealing temperature is s 2:::;8 ',123:2 i
800 °C. Clearly, MR% increases with increasing & 80 [ - tm = 30 hours A
annealing processes. This is evidence that this %l [ fan =40 hours ﬁ/-mR,ﬂmmpw~94.4%
procedure has a positive influence on improving 60 | . *j’/
MR% especially at room temperature. This is a J T RS
novel solution that develops the claim that the 40F F /epo\oe 009909”9
annealing process enhances the value of magne- ,%Z'O/%OO\.” . ,..;539“8;;
toresistance especially, at room temperature. 20 [ g‘@/of" 000, 0

For our samples, the paramagnetic/semi- 0 128 . . . .
conducting region observed at 7 > T,, were 50 1000150 200 250 300 350
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nisms. First category is at the range Ths < T'<  ofLa, Sr.MnO; x = 0.15 annealed

0D/2, where 0D is the Debye temperature. It is  at 800 °C for 10 hours

well-described by the VRH model whereas the

second fits well with the small polaron hopping model and lies at 7> 0D/2 [23, 24]. The small
polaronic model is given:

E

P P
—=p e - 2
r *P kgT @)

where E, is the activation energy, k; — the Boltzmann constant, and 7" — the absolute tempera-
ture. As known, E, is given by [25]:

E, =Wy +%(forT>§j, Ep:WD(forT>§j (3)

where Wy, is the polaron hopping energy, W), is the disorder energy. The parameters are calcu-
lated and presented in tab. 2. Obviously, for all compositions as x increases, @D and vy, increase
while E, and W, decrease this because the increase of Sr content causes larger bandwidth which
makes the charges to be in a delocalized state [26, 27]. Thus, the energy needed to liberate free
carriers is reduced consequently [26]. Holstein’s condition is employed determine whether the
hopping is in the adiabatic or non-adiabatic state [28], according to the conditions:

J > H (for adiabatic condition)

J < H (for non-adiabatic condition) “)
1/4 1/2
hv
H(T):(ZkBTWHJ ( ph] )
T s
T 1/4
J(T) =0.67Thvy, [—J (6)
Op

Values of H(T) and J(T), obtained at room temperature, are illustrated in tab. 2. Since
small polaron formation must satisfy the condition J > W}/3 [28], one can conclude that the
conduction in La; ,Sr,MnO (x = 0.1, 0.15, and 0.2) is due to the small polaron hopping mech-
anism in non-adiabatic regime. Debye temperature D was obtained via plots of temperature
linearity of In(p/T) vs. 1/T above T, as shown in fig. 4.
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Table 2. The parameters calculated from resistivity for x = 0.1, 0.15, and 0.2 at 7,,, < T< 6D/2
Sample 0.1 0.15 0.2
0y [K] 366.05 369.65 388.57
Von [Hz] 7.61-10" 7.69-10"2 8.08-10"
Pq [Qcm] 0.771-10°¢ 3.61-10° 4.38-10°
E, [meV] 154.24 141.61 133.06
AE; [meV] 6.299 13.078 4.637
Wy [meV] 147.95 128.54 128.42
Wi/3 [meV] 49.31 42.84 38.47
Wy [meV] 12.58 26.15 9.72
a (e/Kg) -11.32 -35.40 -10.16
T, [K] 86215860 35574936 4611307
N(E) [meV 'cm?] 2.21-10% 5.36-10% 4.13-107
R, (300 K) [A°] 239.24 98.72 12.80
E;, [meV] 149.77 120.04 72.02
Y 9.38 8.07 7.67
exp(y,) 11877.78 3203.62 2148.28
J (300 K) [meV] 20.10 20.25 21.02
» (300 K) [meV] 704.25 683.26 700.37
o 1
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—~ - * a - *
'5_1-BOT o /s /( EO-BOT -~
= oK E 0,2
- oL Pl -1F AW
-3k 2F
4L 3F
5L b
-6}
-5k
7 0,603 0,604 0.(;05 0,0'06 0,0'07 0003 0004 0005 0006 0007  0.008
(@ LS ) 7K'
1k x=02 : —¥%— 0. &
1 B=0T o * 52F !
— A —k— 015
z 0,/2 #~ -
5, 4 € —k— 02
=l b é 28 b
- g
3t ~ 44
4k 40T *""‘P--*
36
5k
0003 0004 0005 0006 0007 0.008 0272 0276 0280 0284 0288 0292 0296
(@ 'K (d) 'K

Figure 4. The SPH model of La,;_ .Sr.MnO;; (a) x = 0.1, (b) x = 0.15, (¢) x = 0.2, and (d) VRH model plot
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Following the equation: y, = 2Wy/hv,, [29, 30], y, which helps in determination the
electron-phonon-interaction can be estimated. As tabulated in tab. 2, the y, is higher than four
implying a strong electron-phonon-interaction [26] but its contribution decreases with Sr con-
tent, see tab. 2. The relation between m, and m" is given by the equation [26].

02
e exp(y,) =m exp(y,) (7)

The values of m,/m" ratio presented in tab. 2 show that the mass of polaron decreases

with elevation the Sr amounts. As shown in fig. 4 the Lnp vs. T plots (for the data of tem-
perature range 7, < 7 < 0D/2 are in linear form confirming well agreement of the conduction

mechanism to the VRH model [31]. According to VRH model resistivity is written as [30, 32]:

7\
p(T)=p, GXp(?“j ®)
T, is constant given by:
18
T =
kyN(E)d* ©

where N(E)) is the determines density of states and a — the localization length with a value equal
to 2.22 nm™! [32]. Consequently, hopping distance R,(7) and hopping energy E,(7) are written
as [33, 34]:

1/4
Rh(T)zga(l;J (10)

1
Eh(T):ZkBT3/4TDI/4 (11)

Calculating the value of 7, allows us to estimate the value of N(£)), Ri(T), and E\(T)
at room temperature, see tab. 2. Obviously, increasing the Sr concentration makes the density
of states to increase [26] and Mott characteristic temperature to decrease [27]. Furthermore, the
hopping distance and hopping energy decrease with increasing strontium concentration. This
may be caused to the lattice distortion due to the difference in ionic radii between La*" ions
(r =117.2 pm) and Sr** (=132 pm) ions, which would lead to potential disorder [35].

Metallic behavior at low temperatures can be explained in terms of various scatterings
[36].

The empirical equations were used to understand the conduction mechanisms at low
temperatures [36-39]:

p=potpalP+ pasTH (12a)
p=pot p2TP+ pasT*+ psT? (12b)

where p, is the resistivity due to grain boundary effects and other defect features like disloca-
tions, point defects, etc. [40], p, — the resistivity due to the electron-electron scattering process,
and p,4 s — the resistivity due to the electron-magnon-scattering. Finally, ps represents the resis-
tivity due to electron-phonon-dispersion. The data of 0.1 and 0.15 compositions show best fit-
ting to eq. (12a) this of the x = 0.2 composition are well represented by eq. (12b). The calculated
parameters are tabulated in tab. 3. The parameter p, decreases sharply with increasing the Sr
contents indicating a decrease in the grain boundary. The huge p, value of x =0.15 composition
(which is the largest ever) is attributed to the smallest GS, see tab. 3.
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Table 3. The parameters calculated from data of the resistivity
measurements for x = 0.1, 0.15, and 0.2 at 7 < T,,,

. p=pot pT? + pysT P =potpaT? + pysT + psT°
Po P2 Pas Po P2 Pas Ps
0.1 1959.82 1.062 2.749 - - — -
0.15 5342.20 2.466 6.289 - - - —
0.2 — — — 125.67 2.86 8.07 5.96

On the other side, the electron-electron scattering parameter p, increases with Sr dop-
ing level but with a smaller variation in comparison that of p,. Generally, it appears from the
pas and ps values that the electron-magnon-and electron-phonon-scattering contributions are
comparable.

Thermoelectric power
Degenerate and non-degenerate state

The current debate revolves around the location of transition temperature whether in
degenerate or non-degenerate state. Thermoelectric power (TEP) is the best technique to por-
tray this issue. Clearly, from fig. 5 the see beck coefficient for all samples raises with the
temperature increasing indicating a degenerate semiconductors behavior. A degenerate semi-
conductor behavior can be expressed as [41]:

B k3T
3eEy

This occurs at definite temperature 7;~175 K for all concentrations. On the other side,

after this temperature Seebeck coefficient shows an expression [42]:

RALOE
= {kBTJ{ +2H (19

On basis of the previous discussion, it

(13)

of ::: g':s seems that the transition temperature 7, or T
§ BF Cx— 02 lay in the degenerate state. It is worth to be men-
= tioned that fig. 5 give us an indication that both

2 F
sk ,‘ﬂ‘r""

Intermediate

0.1 and 0.15 samples transfer directly from de-
generate and non-degenerate state after 175 K
but for x = 0.2 there is intermediate state in range

Degenerate temperature 145 K < 7'< 245 K before the sam-
state Non-degenerate state
of ple change to non-degenerate state.
50 1(;0 15.,0 2(.)0 2;0 300 350 To ldentlfy the contributing mechanism in
TIK the thermoelectric properties of the concerned
Figure 5. Temperature dependency TEP for compositions we recall fig. 6. Obviously, S-T

La,.Sr,MnO; x = 0.1, 0.15, and 0.2 curve can be represented by two parts the first

one in low temperature (7 < T;) and the second part in high temperature (7 > T;) we will study
each part in detail in the following sections.

High temperature region (T > T,)

The semiconductor part (over the high temperature region), the S-T plots were found
to be well represented with the expression:
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k AE
S=|2L || —+a (15)
e )\ KT

where AE; is the activation energy, a — the constant, and e is the electron charge [43]. Over the
whole paramagnetic-semiconducting the linearity confirms well-fitting of data to eq. (15). Note
that, the S vs. 1/T plots (the plots are not shown here) correspond to only the highest tempera-
ture range and were used for calculating the thermopower activation energy AE|, see tab. 2. It
was presented previously that the highest temperature range (7 > 6D/2) is characterized with
the small polaron hoping mechanism and the electrical conductivity activation energy £, was
calculated from the In(p/T) — 1/T curves at this range, tab. 2. The difference between the values
of E, and AE; is the polaron hopping energy W, (W, = E, — AE) [44]. The W}, values shown in
tab. 2 demonstrate a fall down of the polaron hopping as the Sr content increases. On the other
hand, being a < 1 and AE, < E, this support the small polaron hopping conduction at the range
7> 0D/2 [45].

Low temperature region (T < T)
The coefficient of Seebeck in the ferromagnetic-metal FM region, analyzed by [46]:
S=8,+8;,1"*+8,T* (16)
where S,74 is dependent on the spin-wave fluctuations [47]. However, the aforementioned
equation can be re-written [48]:
S=8, +8T+8y,I*"*+8,7°+8,T" (17)
Experimental results of all the compositions at hand were fitted to eq. (17) and the
best-fit parameters obtained for all the samples are given in tab. 4. Clearly, no sequential change
can be observed for any of the tabulated parameters. This means that over the whole tempera-

ture of measurements within the FM region, there is no thermopower mechanism contributes
dominantly to our compositions.

Table 4. The thermopower parameters calculated from
eqs. (5)-(17) over the whole temperature range of measurements

X So S S3n S; S4
0.1 30.984 —0.704 5.645 9.567 -2.583
0.15 92.710 -3.815 0.355 -5.219 6.502
0.2 10.501 —0.708 7.134 -1.510 3.026

However, in the following we will prove that a certain mechanism can dominate over
a certain temperature range. Figure 6(a) shows the phonon-drag components for all compo-
sitions. The phonon-drag component is dominant at the higher temperature range of the FM
region. The deviation occurs in x = 0.1 and x = 0.15 in the lower temperature range due to the
domination of the magnon-scattering on the expense of that of the phonon-drag. To confirm
this conclusion, the magnon-scattering component dependence on 7732 is presented in fig. 6(b).

The data illustrates linear behavior in the lower temperature range. Decreasing the
phonon-drag component with decreasing the temperature for x = 0.1 and x = 0.15 is reason-
able may because the lattice approach to the frozen state at low temperature. Notably, x = 0.2
composition show unique linear behavior over the whole FM range whether for 7° or 777 de-
pendency. This means that for these compositions the contribution of magnon-scattering and
phonon-drags are comparable at the FM range.
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Figure 6. (a) Phonon-drag and (b) magnon-scattering dependence on 7° and 732,
respectively of the compositions under study

Conclusion

Resistivity, magnetoresistance, thermoelectric power and magnetization properties
were studied for La,_,Sr,MnO; (x = 0.1, x = 0.15, and x = 0.2) samples. Mechanism of con-
duction at (7 > T,,) of conductivity data was successfully fitted with the VRH in the range
0D/2 > T> T, The non-adiabatic SPH model was found to be applicable at 7> 6D/2. The data
of Seebeck coefficient supports the transition between degenerate and non-degenerate regime
below and above T respectively. The contributing mechanisms below and above T; has been
studied in detail. The magnetization vs. temperature for LSMO system showed FM-PM tran-
sitions at a specific transition temperature, 7.. Magnetization vs. magnetic field measurement
clarifies that all samples didn’t show any hysteresis loop in the positive field cycle.
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