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Abstract

Magnetoresistive properlics of LagzSrzMn0; (x = 3.3-0.5) bulk polyerystalline samples
prepared for doping levels x = 0.3 405 and sintered at (cmperature 1100°C for 24 hours in air
have been investigatcd [rom room temperatwe down to hquid aitrogen temperature using
standard four-probe technigque The temperature dependence of normalized resistivity for various
pulyerystalline samples in zero magnetie field and 10 a mapnetic field of 0.86 Tesla werne
investigated. The corresponding behavior was observed upen the parhial substitution of simall
ameount of Gd in place of La and then also in pluce of St of Lag 2 8rjg,Minz0; (x = 0.3-0.5) bulk
samples, Mast of the samples show a metal-insulator (3M-1) transition with a peak in the clectncal
resistivicy, pe, at @ waperature T, This sort of M-l transition may be explained within the
frumuework of interaction mechanisms {double exchange interactions) belween the manganese
iong that occur via oxyeen 1ons. From the mesent investigation it 15 cbserved that the substitution
of 4 small amount of Gd in place of La romammag the Sr unchanged results in lowering of metal
insulator {ransition temperamure by o few Kelvin, As the atomic size of Gd is less than thal of La,
the subsiituted Gd 10ns lower the Mn-Mn cxchange interaction substantially by bending the

Mn-O-Mn bend angle The higher percentage of Sr in these compounds enhances paramagnetic
insulating phase. Bul when non-magnetic Sr is replaced wilh magnctic Gd atom the tiansition
temperalure 13 found 1o increase dramatically favoring metallic phase The magnetic property of
(id 15 thought 1w be responsible for lugher transition temperature. The M-] transinon temperature
15 also increased in presence of (.30 T magnetic [ield and this is may be due to (he suppression of
ihe spin fluctuations with the applcd ficld in the paramagnetic region. Magneclorcsisiance
measurenients were carricd out for these polyerystalline bulk samples m a wagneue field of
around 086 T, Room temperatuce MR is found to be very low, almost 1.5% ~ 2% and is almost
lingar wilth [icld, The exhibited large MR cffcets in these compounds at low temperature (78K)
and very low [icld may be associated with magnctic-demain based scattering or spin-polarized

tunneling belween misaligned grains In p{T) p(RT) ~T" plots for the present investigated

samptes supgest that conduction occurred through a thermally activated process.
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This thesis presents results of an expermental study on magnetoresistive f}lfti:]i?f’ﬁés of a
series of strentinm-doped lanthanum manganese oxides. These oxides belong 1o the broad
family of malerials known as the mixed-valence manganites, Rea A M Or where s
a1 rarc-carh cation such as La, Pr, ¥, Nd, ctc., and A 15 an alkahne carth cation such as
Ca®', Sr°%, Ba®", Na™", K*, etc. The designation mixed-valence mangamtes ariscs from the
fact that the materials may contun mangancse in several valence states, depending on the
substitution parameter x. The materials are also called perovskite manganites because their
crystal slructure resembles that of the mineral perovskite, and sometimes doped
manganites because the substitution of the R cation with an A catien may serve as hole
doping. Onc of the man fealures of these matenals 18 the close relationship between

magnetsm and clectrical wanspor properties.

The mixed-valence manganites have been sudied for more than five decades but are still
considered modern materials because of iheir wide potential fur technological application.
Ferromagnelic manganites may exhibit a magnetoresistance effect, which is comparable to,
or cven larger than, the giant magnetoresistance (GMR) well known from magnetic
muttilayers, for which reason it has been designated colossal magmetoresistance (CMR).
Magnectoresistance, MR, usually is delined as the relative change of resistance {resistivity)

upon a change of the external magnetic field:

bp _ p(H) = pl0)
2, M

where p(H)and o(0) arc the resistivities at magnetic field H and zero field, respectively.

The CMR eflect is usually obtained at low temperature (below room temperaturc) and in a
high magnetic field (several Tesfas), but the practical application demands the operating
conditions both at room temperaturc and a low magnetic field.  Potential applications of
the CMR cffect in mixed-valence manganites include magnetic sensors, magnetoresistive

read heads, and magpetoresistive random  access memory (MRAM).  Colossal
l



Magnetoresistance (CMR) at ligh teperature and high percentage of spin polarization
also makes this class of materials suwilable for application in spin electronics or

SPINOIIICS,

Among a number of perovskitc compounds, hole doped manganese oxide systems have
attracted great attention because of their particular magnetotransport phenomena resulting
from strong spin-charge coupling [1]. The ABO; type compounds with the three-
dimensional Mn-O-Mn networks such as Laj,Sr.MnO; have long been known to be
conducting ferromagnets. Lhe coexistence of metallic conductivity and ferromagnetic
coupling in {hesc materials has been cxplained in terms of double cxchange (DE)
mechanisim [2,3] based on the mixed Mn''Mn™ valence states. Doping the insulating
LaMn0; material, in which only Mn™* exists, with the divalent ions (S, Ca, Ba etc) causes
the conversion of a proportional number of Mn®" to Ma™, Because of the strong Hund’s
coupling, the cleetronic configurations are Mn™* (tz, ¢, ) and Mn*" (t,’e,”). The prescnee
of Mn™, due Lo the doping, enables the e, clectron of a Mu”" 10n to hop to the neighboring

Mn* ion via DE, which mediates ferromagnetism and conduction. [4].

Most of the attention to date bas been focused on doping the parent cempound of LaMn(l,
with divalent alkaline eanhs,-:.uch ag the prototype matenals of La,,CaMnO;. Recently,
layered munganites such as the bilayered compound  LazgSrie:MmO; have attracted
particular attention, since they show an extremely rich variety of magnetic structures a3 a
function of doping and since they allow for the study of dimensionality cffects on the
cleetronic and magnetic properties in the doped CMR manganites [5-10]. In gencral, the
compound Ly 2,81 +2xMn:01 can be viewed as the n = 2 member of the Ruddlesden —
Popper serics (LapSrp=iMn.Osnyy. The n = 1 compeund is similar to the La;CuOy
structure, and the n = 2 compound is analogous 10 the SryTizOr structure [11]. The n =1
series of compounds (R D, )MnQ, exhibit insulating behavior for all x, and in the region
x = 0.5, a charge ordering state appears areund T = 250 K [12-14]. Previous expeniments
showed that [4] very strong latlice effects have been realized when the La ions are partially

replaced by trivalent and divalent ions of the different size. That is any deviation from the

2



idcal cubic perovskite structure can lead to eviber a reduction in the Mn-O-Mp bond angle
from 180", or in the bond length, beth directly aflecting ihe double exchange (DE). Most
CMR studics were carried out euher by doping of the La sites by divalent ions or trivalent
atoms of lanthanide scrics. In the present nvestigation, trivalent Gd atoms have been
doped in both the trivalent La and divalent Sr sites of polycrystalline Lag 2,81142:Mn30;
samples. ‘The addition of 2 small amount of trivalent Gd cation reducing the La will reduce
the size of the lanthanide won across the series, as the 1onic sizes of La (atomic radws §.22
A"y is preater than thai of Gd (atomic radius 1.06 A", Consequently, (his substifution will
madify the electnical properties by lowering the Mn-O-Mn bond angle from 180" and thus
reducing the cleetron hopping between Mn®" and Mn*' ions As the magnetic properties of
these samples also depend on the lanthanide 1won, the resistivity, phase trunsmition
remperaure and magnetization preperies are expected to change with Gd substitution. It is
a special interest of the present investigation is to study the effeet of substitution of
nonmagnetic S1°° ion by magnetic tvalent cation Gd, keeping the La site unchanged.
Finally, the present investigation aims to study the change in magnetoresistance and
“magnetic phase transition temperature of various polycrystalling samples of Ruddlesden
—Popper series (1.a),50 o Mn,Osn | with n =2 and thereby to contribute to the clucidation

of the physical propertics of these fascinating materials.

Jonker and van Santen (1%50) reparted on the preparation of polyerystalline mixed-valence
manganitcs. They discussed the structural and magnctic properties of La;—,AMnOi. They
found thal the manganites crystallize in the perovskite structurc and observed a close
relatiunship between the domng factor x and the structural and magnetic propetties. They
showed that the end-embers with x = 0 and x = 1 arc anti-ferromagnetic, while
compositions with x = 0.3 are ferromagnetic. Zener [2,3] suggested an explanation for this
phenomencn, miroducing the so-called double exchange mechanism — 2 ferromagnetic
cxchange coupling between magnetic ions m different valence states. Volger [13]
measured the magnetoresistance, i.e. the change of resistance duc to application of a
magnetie field, of a smtered ceramic LapySty MnOs;. He observed a negative

magnctorcsistance of about 8 % near the Cunc temperature of the compound. In the



ninetics, new interest in muxed-valence manganites was prompied by the discovery of very
large magnetoresistance values in high-quality thin films. Jin et al. {16] reported huge
change in resistivity and a corresponduig magnetoresistance of 99 % w1 a La-Ca-Mn-O thin
film (at 77 K and with an extemnal ficld of & T). They called ihis cffcet colossal
magnetoresistance. CMR effect has also been observed for Se- and Ba-doped lanthanum

mianganites by von Helmelt ctal. in 1994 [17].

The thesis is structured as follows: Chapter 2 gives a brief ovenview of the materials as
well as different theorctical models such as double exchange model, Jahn-Teller distoriion
cte. Chapter 3 dcals with the detmls of sample preparation and charactenzation
cxperimental techniques used in tlis thesis. Chapter 4 presents results on magnetoresisiive
properiies of polyerystatline sumples for various doping levels. Chapter 3 summarizes the

findings of (s dissertation.
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CHAPTER 2
LITERATURE REVIEW

2.1. Overview of the materials

(1)

(12)

The CMR materials of the fomy Ry AMnO; have attracted most ol the
research efforts. R stands for a rare earth ion such as La, Nd, Pr or Gd and A
denotes a divalent ion such as Ca, Sr or 3a. The manganiics crystallize n
the pemovskites structure, fipure 2.1(a). Dependmmg on doping, these
compounds show a complex magnetic phase diagram [1]. Fetromagnetism s
found in the doping range 0 15<x<0.5 and the highest Curie temperatares
are found in the archetypal compound Lap.SrMnQO; at a doping level X ~
1/3 with Te of 270 K (Ca substitution), 360 K (Ba). The manganiles show a
metal-insulaler transition accompanying lhe ferromagnetic  mansition.
Ferromaguetic order in the mixed-valenee manganites is induced by the
double exchange mechanism proposed by Zener in 1951, Replacing Mn by
Co, Ni, Fe, leads to related families of owades [2]. Ispeciatly the cobaliites
show an appreciable magnetoresistanee [3] for single crystal work,

The Ruddiesden-Popper family of compounds (R,A)wiMnnQage[4,5]
crystallize in  a Lctragonal structure consisting of  vertex sharing Mn(Q),
oclahedra infinitely cxicning in the ab-plane and having a thickness of n
oclahedra  along the c-axis, fizure 2.1{b) Neighboring layers are scparated
by a rock-salt layer consisting of (RARO:. The n = 1 member
Lap<Sr) sMnt)y shows charge ordering on the Mo sublatiice, but a

siptuficant magnetoresislance was nol  observed. A CMR near the Curic

temperature of 126 K was found, however, in the n = 2 compound

4]
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Figure 2.1: Crystal structures ol the most important exdes: (a) perovskile slucture
(Lan:5raMnDy); (#) r = 2 Ruddlesden—Popper phase (La, 250 sMnaly, Mnig
gilahedra are shaded, LafSr bons arc drawn as spheres); (¢) pyrochlere sliuclurc
(ThMnyQy); (a) rulile structure (CrO4); () 1nverse spinel struclure (FeyO,, for clanty

anly a quarler of the uwnit cell 15 shown) and {f) double-perovskite strvciure

(S FeMoCy),



(iai)

(1)

(v)

(v1)

Lay 251 yMn; 05 {4]. This compound i metallic at low temperalures and
semiconducting at hugher temperatures similar to the CMR matenials. The n
= 2 compound Mdyzb5me My shows o large magnetoresistance, but
ferromagnetism was repored to be absent [3]. The Ruddlesden-Poppcr
family of compounds 15 less investigated.

TIMm O crystatlizes 1 the pyrochlore structure (figure 2.1 {c); this
compound also shows a metal-insulator transition and a large intrinsic
magnctoresistance [6,7] near the Curic tcmperature of about 140 K. In
contrast to the mangamiies, however, the carrier density 15 low and the
ferromagnetism ansces from lhe super-exchange interaction betweet Mn**
ions. Majumder and Liltlewood [8, 9] developed a model [ur the
magnelotransport properties of the pyrochlore based on the assumption of a
low-density clectron gas coupled to spin fluctuations.

C10), is a ferromagne! with a Curie temperature of 390 K. It crystallizes in
the runle structure, (figure 2.1 (d)). This oxide is melallic both above and
balow the Cune temperature.

Magnette FeyOy, is a ferromagnetic oxide cryslallizing in the mverse spinel
strueture (figure 2.1 (e)} and has the Curic temperature, Tc = 8358 K. It is
therefore often viewed as an ideal candidate for room temperamre
applications. The temperature dependence of the restsiivily 18 quite
complex, changing ifrom semiconductiong 10 metallic behavior slightly
above rootn temperature and back 10 semiconducting behavior near to Curie
temperalure.

Sr;FeMoQ; and SrFeReQ, are double-perovskile ferromagnets with
comparatively high Curie temperatures of about 420 and 400 K, respectively
[10-12]. The structure is oblained by doubling the perovskite umit cell,
figore 2. 1{(). Cation pairs (F'e, Mo), (Fe, Re) order in a rock-salt-like
Lashion. These compounds were investigated in the 1960s and 1970 [13-16]:
interest in these has been revived, since band structure caleulations indicated
a half melallic-siate [10,11]. Often a metailic behavior of the resisitivity is
observed [12,13,18]; the resistivily, however, depends sensitively on Lhe
preparation conditions such as annealing and film growth paramelers and

semiconducihing behavior is sometimes repored [11,17].
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(x)
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SrRu; is a metal hal undergoes a ferromagnetic transition at 165 K [18-
20]. It crystallizes in an orthorhombic structure. SrRuQs 15 regarded as a
strongly correlaled d-band metal [20-23] that falls into the class of ‘bad
metals’ [24]. A ‘bad metal’ is defined as having an unsalurated resistivity
with posttive temperature coctiicient. The ferromagnetism in SrRuOjy is of
itinerant characler.

There are reports on the ressuvity and magnetoresislance of CaCuyMngQiz
[25] with Tc of 355 K, NagsCay sCuy s¥Mng sz [26] with Tc of 340 K as
well as ThCu;MngOpz [ e = 430 K) and CaCuy sMns <0z [27). Whereas
Zeng et al [25,26] describe the compounds as ferromagneiic, Troynachuk f
al [27] inlerprel magnetization data as consistent with ferromagnetic order.
All compounds show a gradual decrease of the magnetoresistance in large
applied fields from some 10 % at low temperature Lo zero above Te. These
compounds are not important in device fubnication,

The chalcogemdes  Fey.,Cu,Cr:S; shows a moderate magncloresismance
near the Cure temperature [28,29). Theorcucal studies of the clecironic
structure indicate a half-melallic nature with a gap in the minority density of
states [30].

Stimutated by the intense rcscarch on both gant and colossal
magnetoresistance, there have been reports on magnetoresistive phenomena
in various compounds that do not fall in the classes described above. Here
only three reports are mentioned, namely the observation of a large positive
magneloresistance in Ag:Se and AgeTe [31,32] as well as in the
ferromagnetic multilayer LaMn,Ge; [33].

At the end of this list of matenals and compounds the case of Gdl; should
be mentioned. Gdl; shows a forromagnetic transition close to moom
temperature; the transition is accompanied by a metai-insulator transition
and CMR [34] This obscrvation iy especially intriguing, since Gdlp is
nominally isoelectronic to the superconductor NbSez. In the CMR
manganites the simation is similar: substitution of the magnetically active
Mn by Cu leads from ferromaynetism in La.,Sr.MnO; to superconductivily

111 Las, 51, Cu0a.



2.2. Classical Double Exchange Model

The transport behavior, especially the simullancous ferromagnetic and metal-insulator
lransition, can be understond within the double-exchunge model proposed by Zener
[35] and further developed by Anderson and Hasegawa {36]. de Gennes [37], Searle
and Wang [38] and Kubo and Ohata [41].

In the perowvskile struciure the Mn ions are located on a simple cubic lattice, whereas
oxyren ions oocupy the centres of the cube edees and the rare earth ion or divalent
dopent is located at Lthe cobe centre. Thus, the Mn ions are in an octahedral oxygen
coordination and, 1n the ideal structure with talerance factor (T} (described in section
2.3y =1, the Mn-O-Mn bond anpic is 180", This leads to a crystal-field spluting of the

Mn(3d) orbitals into low-lying tz; and cncrgeucally higher e, levels

double? state
e mohile
d 4 eleciron
t lacalized
\ / ZE clectre
4t triplei s tair 3+

Mn

Figure 2.2: Electron states of the owtenmost 3d energy fevel of the Mn*'and Mo {ons.

Within the double-exchange modcl it is asswmed that charge transport occurs on the
Mn-0 sublatiice, whereas the rarg earth and alkaline sarth 1ons act only as a charge
reservolr. In the parent compound LaMaO,, the manganese ion is a trivalent oxidation
state Mn'* with electronic structure 3d*. According to Hund®s rules three clectrons
occupy the tag levels and are coupled into a core spin § = 3/2 by the slrong inlra-atomic
Hund’s rule coupling The fourth clectron occupies ene of the energetically degenerale
g, orhitals. Mn®' 15 known to be a su ong J'1' (Jahn- Teller) ion and an onhorhombic

distortion of the cubic perovskile lattice is indeed found in LaMnOs;.
10 '



On doping with a divalent 1on on the rare carth site, ie [&yAMn0;, the manganese
ions become nmxed valent with manganese fractons ¢ in the tetravalent state Mu**
{3d°} and (1-x) in the Lrivalent slate Mn'' (3d%). Zener [35] considered a cluster formed
from an oxyeen and two Mn 10ons, onc 1n the trivalenl and ane in the telravalent state.
The basic idex of double ¢xchange is that the conligurations M*t-O-Mn”" and Mn™-
O-Mn™ are degenerate lcading to a delocalization of the hole on the Mn®' site:
e, -0-f,e,© Gien-0-fe,

The transfer of a hole oceurs simullaneously [rom Mn™ to Q and from O to Mn*" this
process 15 a real charge transfer process and involves overlap integrals between Mn and
€3 orhitals. Dug to the strong Hund’s rule coupling energy Iy, Zencr [313] suggested that
the hole transfer is only possible for parallel onenlation of the core spins. Thus yields

the observe simultaneous occurrence of metallic conductivity and fermomagnetism,

Ionker and van Senten [39], and Wollan and Koehler [40], concluded that the exchange

coupling in general 15

{a} ferromagnetic between Mn®™ and Mn* jons
(b) antiferromagnetic between Mn*' 10ns

{c) cither ferromagnetic or anuferromagnetic between Mn™

A manganite with an optimal hole concenlraton or Mn* content undergocs &
paramagnetic 1nsulator (P1) to ferromaguetic melal (FM) like transition as the
lemperarre is decreased, showing a peak in resislivily al a temperature Tim close lo the
ferromagnetic Curie temperature Te. The Te is related to the strenglh of the transfer

integral between Mn* and Mn'" jons.

2.3. Jahn-Teller distortion

Most researchers agree that double cxchange is the basic mechanism underlying the
transport properdics of the manganites; 1t seems, however, not 1o be sufficient to explain
the experimental results. Millis ez al. [42] were among the {irst to promote the idea that
‘double exchange alone does not cxplain the resistivity of La;Sr:MnO;’ and

concluded that lathice distorlion plays a neccssary and crucial role in Lhe M-l transitions

11



and the resulting CMR effect . Simply lattice distorten oceurs due o their dilferent

atomic sizes, crystal structure and different magnetic moments.

A simple tnspecuon 14 enough to discover sources for distortion Firstly, wmic size
mismatches: cations A and B can have very different sizes producing tlung and
twisting of the oxygen vctahedea {43, 44]. This distortion can be estimaied by Lhe s0-
called Goldschmidt tolerance factor

[=_ Tn t1
V2(ryp +1)

where r stunds for the sizes of the different ions in the system. I'=1 for a cubic lattice
and decrease as the difference 11 size berween A and B increases. [t has been found that
for oxides and Nuorides the perovskite structure lypes are slable in the range

1.O=T =077

Tilting of the cctohedra can be measured with the distortion of the Mn-O-Mn bend
angle 8=180" for cubic symmetry. For particular compositions, 8 can range from 150"

o 180",

2.4. Resistivity and phase diagram
CMER manganites are oades of the type R, AMn0;, where R denotes a rare earth and

A a divalent, often alkaling sarth clement.

10 — T T
i Fignre 23: Typical resistivity versus
'E‘ 10°% ‘ temperature curves of
= i La, 5fCa,.,Sr.hy M0y single erysials The
= i anomaly &l a (emperatuee of 370 K for the
§ 10%F ]y = 045 doping is duc 0 u structural
E i 3 tramsition  from  a  low-temperature
- - orthgrbombic 0 2 lugh-temperalure
10 E La _{(Ca, Sr). _Mno 7§ thembohedral phase
et IR ANENS e

6 100 200 300
Temparature [K]
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Typicai resistivily versus temperature curves for Lag 7(Ca .Sy aMnO5 single crystals
are shown in figure 2.3, At low temperawire the resistivity is melallic, rising sharply
while poing through the ferromagnetic transition and showing semiconducting behavior
in the paramagnetic phase in the case of Ca doping, whereas the resistivity m the case
of Sr doping remains metallic above the Curie temperalurc. Accordingly, the
ferromagnetic transition in s compovnd is accompanied by a metal-insulator
transition as evidence by Lhe resistivity rise and the negative temperature cocfficient of

the resistivity in most compounds above Te.

Much interest has been devoied to the CMR manganies, since these displays a

diversified phase diagran.
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Figure 2.4: Phase diagram of La,_ St,MnQO,
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2.5. Intrinsic and Extrinsic Magnetoresistance
The aim of this section 1% te explain the difference between inlnnsic and extrinsic
magnetoresistance and to illusmate how they can be distinguished from expenment.

Some results from the literature are used for exemphlicaton.

Intrinsic Magnetoresistance

Fipure 2.5 shows the temperamre dependence of the zoro ficld and ppH = 5 T
resistivities ol a single-crystalling thin flm La;7Cap:Mn0; sample {data obtained from
Hundley ef af. {45]). The comresponding magnetoresistance, MR = pu/pp-1, 1s shown
the sarme graph. This sample has no internal grain boundancs so the magnetoresistive

response 15 Lherefore entirely intrinsic,

BT R . . + oy
B ~ 42
I Tellt Y
(W . f \ / 1
3 N b H{-an
24 \ ]
— 104 i |
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2 DE4 R <
'::. 4' f? et f N E
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Ha Cu M, “ T,
OB e oo — - 10
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Figore 2.5 Resistivity of singlecrysmlline Lhin-film LagCa;;MnO, in zero
magnetic field and m un applied field of 5 T. The graph shows alse lhe
corrzsponding magnelore-sistanes, Adopted from Hundley ef ef [45]).

The thin-film subsmance shows a metal-to-insulator transilion coinciding with the
ferromagnelic-lo-paramagnetic  transtiont  at the Curie temperamre (250 K},
Qualitatively, the lemperature dependence ol the magnpetoresistance can be explained in

terms of Zener’s double-exchange mechanisin, The simplest cxpression for

14



conductivity is o = nep, where n 15 Uie number of carmers, € is their charge, and  thetwr
mobilily. The metal-to-insulator transition could thus originate from either a change of
the number of carriers or a change the mobility of the cariers. In the double-exchange
theory the change of hopping mobility s the dominant effect on the conductivity. The
transler integral for electron transporl between adjacent Mn sites is t = Loos{B/2) wher
8 is the angle between the spin directions of the twe Mn cores spins. Below the
ferromagnetic transition temperature the spin system is ferromagnetically ordered und
the probability for electron transfer {and thereby the mobility) is high. The zcro-licld
resistivity shows metallic-like temperature dependence with a positive slope. Around
the Curic temperature the spin syslem becames disordered because the themmal energy
exceeds the ferromagnetic exchange energy. The hopping amplitude decreases and a
draslic increase of the zem-ficld resistivity is observed. Above Te the resistivity
decreases with temperature as eapected for an insulator, where ransport is thermally
activated. The sample exhibits a large negative magnetoresistance peaking just above
the Curle lemperature. Below Ti the sping aligh spontaneously and the external field
has litlle influence on 8. The magnetoresistance gradually vanishes when the magnetic
moment approsches its saturation value. Near Te, however, the spin syslem s haghly
susceptible to the external ficld, which causes a substantial change of the local spin
disorder and thereby of the camer mobulity, Thus, the field drives the material more
melallic. Far above the Cunie point the external field can no longer compete with the
thermally mduced random spin fluctuations and the magneloresistive response decreases with

lempelatie.

Many research groups have suggested that double cxchange alone is not sullicient 1n
order to explain the CMR. The models proposed evoke a competition between double
exchange and another mechanism—such as pelaron {formaton duc to the strong
¢lectron—phemon coupling or localization by spm {luctuations; this competition is
supposed to drive the metal-insulator transiton., The balance between the two
competing mechatisms is very sensitive lo an applicd magnetic figld that suppresses
spin fluctuations and enhances the ferromagnetic order. The debate on the essential

transport mechanisn in the manganites has not yel been decided.
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It has been also suggested by Coey ef af [46] or von Helmolt e af. [47] that the very
iarge change in remistivity observed for manganiles is due to magnetic polaron
formation in the paramagnetc regime. The e, electrons may induce a local polarization
of ils neighboring spins forming a small ferromagnetic entity called a magnetic polaron.
According o their suggestion a magnetic polaron can be considered a guasi-parlicle
and it can jump from lattice site to lattice site carrying along its spin polarization. This
hopping takes place via thermal activation. Below Lhe Curic lemperature (or when a
magnetic field is applied) the magnetic polarons are destroyed. This could contribute to
the abrupt.change of resistivity near T Another kind of polarons, which could be
present 1n manganites, are dielectric polarens formed due to the Coulomb interaction
between the eleciron and 1ts surrounding tomie charges, Dielectric polarons also acts as
quasi-particles. The concepl of polaron transport in mixed-valenee manganites is not

yet fully understood.

In theoretical resulls by Millis et al. [48] the resistivity was obtained [rom a dynamical
mean-field calculation including double exchange and a coupling of camers to
phonons. The calculations show that the resistivity above Te can be tuned from

semiconducting to metatlic on deerease of the electron—phonon-coupling strength.

Extrinsic Magnctoresistance
TFigure 2.6 () compares the temperalure dependence of magnetoresistance of a single-
cryslalline manganite {an epitaxial thin film) with that of a polverystalline thin (il

having the same compuosition {Lay 57Cay ;3Mn0:). Data was obtained from {Gupta et al.,

[497).

Both samples show a magnetoresistance maximum near the Cune temperature, which
can be ascribed to intrinsic magnetotransport (the CMR elTeet). For the epitaxial film
the magnetoresistance vanishes at low temperalures, as expected for a single-cryslalline
material. However, the polycrystaling [l shows an incressing magneloresistance

wilh decreasing temperarre,

Figure 2.6 (b) shows the field dependence of magnetoresistance al lwo different

temperatures below the [erromagnetic transitivn temperature The epitaxial sample
16



shows a lincar variation of the magnctoresistance with the applicd ficld, This indicates
that the Bioch wall mobon and domain motation in single-crystalline manganiles do not
dominate transport. The magnelorcsistance varies smoolhly through the egion of
domain rotation, which takes place in low fields, so the increasing magnetoresistance is
mainly duc to enhanced local magnetic order. The magnetoresistance effect is smali
and decrcases with decreasing temperature, The polycrystalline sample exhibits a
completely different behavior charactenzed by two [eatures: 1) a sharp incrcase of
magnetoresistance at low-fields [ollowed by 2} at linear background at higher ficlds.
The slope of the high-field contribution {s broadly temperature independent. The fow-
field magnetorcsistance, which is often termed LFMR, increases with decreasing

TCIpCTaTure,

It has been suggested by Gupta er af, [49] and Li ef al, [50] that the low-ficld
magneloresistance, which 1s consistently observed in polycrystalline manganites, is due
to spin-dependent scattering in grain boundaries. [n ferromagnetic merals Lhe exchange
cnergy splits the conduction band into majority and minority carricr bands resulting in a
spin imbalance at the Fermi leve! [51] In mixed-valence mangamies the majority and
the minority bands are separated by an cncrgy gap arsing from the strong intra-atomic
coupling between the 3d e, conduction electrons and the 3d (5 core spins [52]. The spin
polarization may therefore approach 100 % at low temperares (thus, manganites may
be characlerized as half-metals). In the [kmomagnetic staie cach grain in o a

polycrystalline manganile may constitule 4 single magneue domain {49, 56, 53],

In the virgin state, where no [ield is applied, the grains have their magnetic moments
randomly oriented. The polanized conduction cleclrons arc easily transferred between
Mn sites within a magnetic domain. However, an eleclron traveling across a grain
boundary to an adjacent grain {or domain) may become subject to a strong spin-
dependent scattering leading to a high zero-field resistivity. A low external ficld can
readily rotate the grain magnetization into a parallel confligurabion and thereby cause a
significanl drop in rosistivity and low-tigld magnetoresistance. The degree of spin

polarization 15 temperature dependent and increases with deercasing temperature [54].
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Figure 2.6 Magnetoresistance for a field change of 0 10 2 T versus
temperature of poly-crystalling (top panel) and epitaxial (bottom
panel) thin film La, ¢=Caq 53005, b) Mag-netoresistance as a function
ot applied field taken at 25 und 100 K. Adopled from Gupta ef af. [49].
This could explain why the low-field mammetorcsistance becomes more and more
dominant as the temperature 1s decrcascd. Spin-dependent scattering of polarized
conduction carriers 15 the dominant mechanism describmg spin-valve effecis in memllic

GME multilayers [35].

HMwang er af [53] ollcred a different explanation to the low-field magmetoresistance
elTect obscrved below the Curie temperature. They compared the magnetoresistive
properties ol single-crystalline and polyerystalline Lag 781y 3:MnO; and also obscrved
LFME {(low (ield magnetoresistunce) 1n the polyerystalline samples, which was absent
in the single crysial, They suggested that the effect was due (o spin-dependent unneling

between adjacenl graing separated by an insvlating grain boundary constituling a tunnel
18



barmer for the spin-polarized conduction electrons. Also within this model the low-feld
magnetoresistance can be explained by the alignment of magnelizations of neighboring

STAINS.

Spin-dependent scattering or spin-dependent tunneling can explain the low-field
magnectoresislanee but fail to eaplain the hinear high-field magnetoresaistance. Lvetts ef
af. [56] suggested that the high-field magneloresislance 15 associated with a
magnetically mesoscopic disordered interface layer present in lhe vicinity of grain
boundaries (Figure 2.7). The transport mechanism 1 the intedace layer is the same as
1 the bulk pars of the grains. but the layer has depressed Curic iemperature and
magnetization, which could be caused by strain, defects and weakened or absent bonds
near the grain surface. The high-ficld MR could be related to alignment of spins in the

disordered inter-face layer.
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Figure 2.7: Schematic illustration of gram-boundary transport in &
polycrystalline muaed-valence manganite. Fach grain constiutes a single-
magretic domain. The conduction electrons show a high degree of spin
polarization inside Lhe grains, When traveling acress the grain boundary
conduction elecrons may be subjeet to a strong spin-dependent scallenng,
which can be redoced if a low external magnelic lield aligns the
magnetizations of the lwo grains. Spin alignment in the disordercd surface

layers gives raise lo high-field mapmeioresistance.
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2.6. Transport propertics of few other polyerystalline materials

The ellects of prain boundaries on the resisuvily and magnetoresistance of
polycrystalline manganiles compounds were reporied very early by Volger er al. [57,
58]). The recent rescarch was initiated by the work of Hwang et ¢f [39] and Gupta ef al.
[60]. These authors compared the magnetoresistance and magnetization  of
Vay ;7510 33Mn0; single crystals and polyerystalline ceramics [39] and LaggrCap 3;Mnt)y
and LapgrSto3aMn0Q; epitaxial and polycrystaline films [60], respectively. Hoth
investigations found that the resistivity and magnetoresisatnee depended sensitively on

the ticrostructure, whereas (he magnetization was hardly affected 1t.
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Figure 2.%; Magnctoresiztance data of the samples of figure 13. Panels {&), {£) and (g):
normalized resistivity o/ 2, as a function of magnetic field o, denotes the zero-field
resistivity. Pancls (#), (&) and (f): magnetic licld dependence of the normalized

magnetization {reproduced from Hwang et al. [59].

Hwang ef ol [59] investigated an LSMO single crystal and two LSMO single crystal
and two LSMO ceramic samples sintered at 1300 and 1700 "C, respectively. The

sample sintered at the higher temperature had the larger grain size. The data of Hwang

et al. [59] are reporied 1n figures 2.8, and 2.9.
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Fipure 2.8 shows the coro-field resistivity and the magnelizalion of the samples as a
function of wmperatore, Whereas the low-lemperature resistivity depends strongly on
the microstructure, the magnetization of the three samples is virually idenlical. The
effect of the grain boundaries on the magnetoresistance is even more dramatc, Figure
2 9 shows the field-dependent resistivity and magnetization of the samples investigated.
Whereas the single crystal shows a magnetorcsistance linear in magnetic ficld, the
polyerystalline sanples show a sharp drop at low magnetic fields followed by a linear
dependence at hgher ficlds. Again the field dependence of the magnetizalion is
virually 1dentical for ihe Lhree samples. The magniude of the low-feld
magneloresistance increases with decreasing termperature in contrast to the intrinsic
tagnetoresistance, Lhat has a maximum near the Curie temperature and decrcases with
decreasing  temperalure. These results cannod be cxplained by the intnnsic
magnetoresistnee alone. since the mnirinsic magnetoresistance is only a function of the
magnetization. Hwang ef al. [59] suggested that the low-field magnetoresisiance in

polycrystalline samples is due to spin polarized mnneling betwecn misaligned grains

It was shown by Wang et @l [01] that, phenomcnologically, one has to distinguish
weak and strong links between the gramns, Only weak links give nise to a considerable
low-field magnctoresistance Whereas the microstructural characleristics of the two
types of links are not clear, lhe formation of weak or strong links can be conolled by

the fabrication conditions.
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CHAPTER3
Synthesis and Characterization of the Samples

in this chapter basic techniques of sample preparation and experimenlal technique are

discussed.

3.1, Material Synthesis and sample preparation

Samples for the present investigation were preparcd using convenlional solid-state
reaction method. In solid-state reaction tcthad, appropriate ameunts of two or more
chemical compounds are carefully ground together and mixed thoroughly in @ morlar or
pestle or ball nuils with acetone for homogemzation Ground powders are then caleined
LIt air OF 10 OXyEeh at a temperature above 1173 K (900" ) lor several hours to remove
the unwanled oxides prescat w the chemicals, Then they are reground and reheated.
This process 18 continued until the mixture is converted into the correct crystalline
phase. This calcined material are then ground to fine powdcrs and palletized in &
hydraulic press. AMerwards, sintering is done at different temperatures (below the

melting point of the matcrials) in air or any controlled atmosphere.

The other methods for sample preparation are solution methed, melt-guenched or glas

ceramic method, thin film method ste,

3.2. Characterization Techniques

Afer the preparation of the sample, they need to be characterized in different ways Lo
study their physical properties [t would provide the necesvary [cedback w improve the
melliod of preparation of the grown material. In the present investigauon, Powder X-

ray diffarction 13 employed to charactenze homogenity of the crystalline powder.

3.3. Lattice Planes and Bragg’s Law
The peaks in an X-ray diffraction patter are directly related to the atomic distances.
Let us consider an ineident X-ray bewn interacting with the atoms arranged in a

periodic manner as shown m figure 3.1 The aloms, represented as black spheres in the
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raph, can be viewed as forming dilfcient sets of planes in the crystal (lines in graph on
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Figure 3.1: Bragg™s law of diflfaction (a) Different forms of

lattice plancs, (b) diffraction from atoms

For a given set of lattice plane with an inter-planner distance of d, the condibion for a
dilfraction (peak) to occur ean be simply wnitlen as

2dySinG = nh
which is known as the Bragg's law. Here, & 15 the wavelength of the X-ray, B 15 the

scattering angle, and n s an integer representung the order of the diffraction peak.

3.4. The van der Pauw method
The van der Pauw technique [2,3] is based on {our point mcasurements, provided that
certain conditions are fullilted :

# The contacts should be on the circumference of the sample {or very close o the

houndary as possible)

= The contacts should be sulficiently small {or as close as possible)

¢ The sample 15 to be homogeneous and thin relative to the other dimensions

s  The surface of the sample 15 to be singly connecled, ie. the sample should not

have 1solated holes

Figure 3.2 shows the four contacts on the circumference of the disc shaped (imegular
shaped) sample. For a fixed temperalure, we define resistance Rarcp as the potential

difference iy V-V berween the contacts 12 and C per unit current Iap lhrough the
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contacts A and B . The curreal enters the sample through the contact A and leaves it

through the contact B

Ron=—tt (3.1

Analogously we define:

Figure 3.2: The four elecirical contacts on the circumference of the disc
shaped samplcs,

Van der Paow method is based on the theorcmn that berween Rap cp and Ry pa there

exists the simple relation

mt frrad
exp[——ﬁ'”m]+exp[——-—f{ﬂﬁ m]=1 {35
p p

Where d is the thickness of the wnuform disc shaped sample and o is the resistivity of
the material. If d and the resistances Rapep and Rpg:pa arc known, then in £g. 3.3, o3

the only unknown quantity.
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Figure 3.3: The function Q) for deterrmining the resistivity of the sample

In the general casc, 1t is not possible to express p explicitly in known functions. The

wolutions can, however, be written 1n the fram

P(j} — mf [Rxncu -E-R.‘.H'.' Lag ]}( R.A.H [ (34}
In2 2 e s
where fis a factor which is a function only of the ratio Rag enRac oa and satisfies the
relabion
o i—1 2
cesh{m”‘" o Rac 4/ xm—'} =163PE (3.5)
(RuyenRocpat vl S Z f

If we assume Fapep/Ruc pa=0, then Eqg. 3.5 becomes

2-1_ mecosh{w} (3.6)

O+1 Ind 2

A plot of the function is showa in figure 3.3,
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3.5, Preparation of the Present Samples

Polycrystalline samples were prepared wsing the conventional solid-slate reaclion
technique, Stoichtometric amounts of raw materials Lax0y (99.99%), SrCO, (99.99%),
(G303 (99.99%,) and MnCO; {99,99%) were well miscd, then calcined at | 100° C im air
[or 24 houwrs The resulting powder salnphes were then reground and sintered at | 100" C
[or 48-50 hrs in air with one mennediate grinding. Before the final sinlering step at
LL0O" C for 24 hrs, the samples wele pressed into peltets. Tlhe resulting pellets were
subjected 10 clectric and magnetic investgation. The specimen’s crystallinity &

structure were checked by x-ray dulfractometry.

3.6. Methodolopy

The DC electrical resistivity for various polycrystalline samples was measured [rom
roem temperature down o liquid nitrogen temperature using standard four-probe
method. The temperature dependence of normaliced resistivity, o (1) g (RT) al zero
applied magnetie field for varous polycrystalline samples and the corresponding
behavier in presence of 0.86 T applied magnetic field have been investigated.
Magnetoresistance measurements were camed oul 1a a magnetic Neld of amund 0.86

Tesla in the temperature range 78K 10 300K,

3.7. Apparatus used for the present investigation

A liguid nitrogen cryoslat was designed previously for the purpose of low temperature
magnetotransporl measurements. It is made up of nonmagnetic concentne slainless
steel tubes. Schematic diagram of the locally fabricated liqmd mitrogen cryostat is

shown in figure 3.4 and this cryostat was used for the present ivestigation,
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Figure 3.4: Schematic diagram of the liquid nitrogen cryostat

To study magneto-lmnsport properies, an electmmagnet was also constructed. In
constructing the present eleclromagnet, commercial miid steel bar for the body of the
eleclromagnet and soft iron cylindrical rod for pole pieces, which were available in the

local madket was used .

1.0 T T y T Y L

. | 3 1
0 5 10
Current {A)
Figure 3.5: Calibration of the locally fabricated electromagnet (gap 3.8 cm)

32



The electromagnet used for the de electneal resistivity and magnetoresistance
measuremicnt is shown in (eure 3.6, Figure 3.8 shows variations of magnene field as a

[uncuon of current witll constant pole gap 3.8 cm.

Figure 3.6: Schematic diagram of the clectromagnet

A schemalic diagram of the sample rod used for the present investigation is shown in

@ ®

4— Mult-pin
S corectors

Dare 3.7,

-+—— Hollow fube

& Connecting wire
(50 pm lver wir
44— Rample

Figure 3.7. Schematic diagram of the sample holder
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Figure 3.8: Calibration curve of the temperaure sensor (Lakeshore
Carbon Glass Resistor)
This sample probe is used for four point resistance measurements. Al first we thought
temperature of the sample would be measured wsing a thermocouple. However, we
have found a problem of using thermocouple for temperature measurements As we
need to airlieht the samplc space, lhe temperature probe must be soldered in lhe two
pins in the multi-pm connector, When we will solder a thermocouple with pin a third
nelal junction appears and as a result 1t is very difficull o measure temperature
accurately. For this reason we have decided to use a carbon glass resistor. For the
magnetoresistance measurements, we have to apply magnetic Geld in Lhe sample space.

The carbon glass resistor has 4 vory weak sensitivity 10 the magnetic field.

References:
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spectra”, Review ol Scientulic Instniments, 58, 9835
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CHAPTER 4

Resnlts and Discussion

The warious polycrystadine samples sintered at temperalure 1100°C have been
investigated. X-ray dilfraction analysis was perfuormed on these samples and XD
patterns were discussed to observe the sumples crystallinity and phase punity. The
electrical transport and magnetorcsistive propetiies were mceasured from Toom
temperature down 1o hquid mtrogen temperature m zeto field and in an apphed
magnetie ficld of 0.8AT. The effcct of replacing La in Laz.z, SrianMmOy (x = 0.3-0.5)
by small amount of Gd jons keeping Srounchanged were investigated 1n the same
temperahire region both at zero field and at an applied magnetic field of 0.86 T. The
cormesponding  behavior was also observed by addmyg magnctic Gd in place of
nonmagnetic St remamimng the amount of La unchanped. Magnetoresistance {MR)
measurements were carried out and the MR behavior was discussed as a function of
magnetic field both at room temperatore and at ligwd nitrogen lemperature. Activalion
energies for these polycrystalline samples were calculated 1o clucidate whether the
process 1s thermally activated of nat.

4.1 X-ray diflraction analysis

X-ray diffraction analysis was performed on the investigated polycryslaliine samples to
examinc phase purity and homogeneity, Fuygure 4.1.1 shows the X-ray dilfraction
pattern for nine polyerystalling samples and Table 4.1 gives the comparative peak
pustbion ohserved for the same samples X-ray dilfraction pattern have confirmed the
single phase structuic of all the samples with no significant trace of umpurity.

Table 4.1:; X-ray diffraction peuk positions for various pulycrystalline samples

Sample *-ray diffraction peak position 20 {degres)
Cnmpositiuns 151 End 3“1 4|h Sth 6lh
La) 450 Mn0; 14458 20,80 25860 29 60 33440 39.50
La, 181, yMny 0 14.52 205} 2560 24980 3340 3970
La, ;Sr;, Mn:04 14 40 2.0 25,41 2974 3320 39,60

L, ey 250 ynOs 14.50) 2075 2360 2970 33.600 39,74
Lt 5 Ceda 2507 009 14.55 2095 2380 3000 33.60 3940
Lty Uiy 651y (Mo 14.5{} 2075 2560 29 70 3300 J9.85
Lay oGdy 5571 440204 14.70 2100 2580 20,40 33.55 39,50
Lay oGidy por) 2Mb204 14.50 2 B0 25610 2070 33.60 J9.60
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Figure 4.1.1: X-ray diffraction patterns of polycrysialline bulk samples
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4.2, DC electrical resistivity

The DC elecirical resistanee for various LazaSrszMnOs polyerystalline samples
preparcd for doping levels x =0 3-00.5 and sintercd at lemperature 1 100"C for 24 hours
in air have been investigated from room temperature down o haqud nilrogen

temperature by using standard {our-probe technique,

The temperature dependence of normalized resisuvity, p(T) p{RT), at zero applied
magnetic field for vartous Lazg,SryizMna0 (x = 0.3-0.3) bulk samples sintered at
1100°C are shown in figure 4.1, Figure 4.2 shows the comesponding behavior in
presence of 0.86T-applied magnelic [icld. Polycrystalline samples Lag 481, (Mnz0s and
La| 28t sMn:O7 show an insulator-metal transition with a peak in the electrical
resistivity. p, at a temperature Tp (Table 4.2) but such a transition does not eccur for
sample La; 87z gMnsOq, The M-1 transiton occurs at lemperatures depending on the
composition of the different sumples. From the p-T curve of the present investigation it
is clear that transition temperature decteases for the higher conceniration of X for the

samples of the Ruddlesden-Popper family of compounds (Ry..D.)a -1 M Gane.

Figure 4.2 show that the presence of 0 86T magneuc ficld in the same samples
mmereases M-l transition temperalure by few Kelvin. This would be due to the
supptession of spin fuctuations with the applied feld in the paramagnetic region. The
external magnetic field enhances spin order that ultimately decrease the resistivity and
results higher transition lemperature. 1t is also observed that the higher percentage of St
concentrulion favours msulating paramagneuc phase and lower the value of transition

temperature. This 18 rcasonable as Sritself is an insulating material
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Table 4.2: M-I transitton temperatuees Tp both at zero field and at .86 T apphed

magnetic feld for various polyerysialline samples

Sample Composition Without field (OT) With Neld (0.86 T)
TpK) | p(IpVeRT) | TP(K) | p(Tplp(RT)
Laay 4517 a¥ngOn 117 7.37 | 134 5.70
1.2, -Sry Mz 07 110 9.62 | 117 6.91
l.a garzovingD
l.ay 2Gdo 251 M1 0= 109 7.59 128 7.54
Lay ¢Gdgpa5r 2MnaO; 103 10.13 109 g50
Lag s Gdg 2512 oMn; 07
La) oGdg 450 sMnal)s Ll6 7.27 128 .30
Lay oGdy 5511 4Mna05 141 4.40) 150 3.57
La, pGdy3Sr) 2Mnz 07 152 2.45 168 2.31

Previous investigations by various researcher indicated that the M-I transition
remperamure is gencrally very close to the Curie lemperature, ‘I, the [erromaguetic to
paramagnetic transition Below T, the spin system is ferromaguetically ordered und the
probability for electron transfer (and Lherefore the mobility) 1s hugh. Above T, the
resistivity decreases with temperalurc a8 for an insulator, where transporl is thermaily
acuvated. Near 1. . however, the spin system s highly susceptible to external feld,
which causes a substantial change of the local spin disorder and thereby of the carricr
mobility. Thus the ficld drive the matenal more melallic. Far above the Curie point, the
exlenal field can mo longer compete with the thermally induced random spin

fluctuations and the resistance decreases wilh temperature.

[ our mvestigation the M-1 transition temperature [or La, 451 sMnpO; bulk sample 18
observed at 118 K and 132 K at »ero ield and at an appiied field of 0.86 T respectively.
Phulipp ef af. [1] measured the resisuvity ag a function of temperature of a coherently
strained La, 481, sMn>0O7 thin film grown on NdGaO; at different magnetic fields for the

in-plane and out of plane current direction. in iheir investigation the resislivity
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maximum associated with the FM-P1 transition s observed at T ~125 K for
Laj a5t sMn=07 thin flim. The result is very close to oor presenl mvestyzation of bulk
La; 251 pMnz01 sample. This sort of K-l transibon may be explained within the
framework of interaction mechanisms between the manganesc ons that occur via
oxygen ions. Exchange coupling mechanisn in the mangamics arc believed to be as
follows:

{1} Naturc of Lhe couplings are [ermomagnetic when the interaction 15 1 between

Mn'* and Mn®' ions.
{1} Antilerromagnetic behavior ariscs [or mieraction between Mn*' 10ns,
{ini}  Interazctions between Mu'* ions ean produce ferro or antiferromagnetic in
natures.

[n i.aMaCh, the valence of La (and olher members of family such as Pr) is 3+, the
valence of ¢ in this composition 18 2-, 50 lhe valence of Mn should be 3+ to fullill the
charge neutrality. In other words, an undoped lanthanum mangamte compound
corresponds Lo the following ionic compesition La’'Mn’'Os. The electronic
configuration of neutral Mn atom is 3d°4s? that means that the ionized Mn® has 4-d
clectrons that will be responsible for its electronic properies. If trivalent mre carlh l.a
atomy are substituted for a divalent metal such as Ca, the following compound
Ca? Ma* 0, with the Mn valence 4+ will be obtained. Thus, the Mn 1on 1n the CabMnO,
cotnpound will have 3 d-glectrons Both the manganites LaMnOs; and CaMn(y are
antifcrromagnetic insulalors. For a paniial substitution case,
La,. CaMnl, (O<x=<1), Mn ions arc mizxcd-valent and average number of d —electrons
at the Mn site is 4-». An amazing fact is that, although pure La and pure Ca manganiles
are antifcrrotnagnetic insulators, (he intermedium composilion
La;Ca,Mn0; exhibils strong magnetism {melallic conductivity and fermmagnetism)

over a wide range of camcr coneentrations and temperatures.

With Lag.s,S0y2,Mn;05, the fundamental mechanism leading to lhe appearance of
melallic fermomagnetism would be (he same. The parent matenal of Laz s, 8r.2.Mnath 15 a
charge transter insulalor of La;81Mn,0;. When divalent Srions are substituted in place of
trivalent La to produce e.g. Laza,5r12.Mna0; charge neutrahity 15 disturbed. To keep

the matenal neutral a part of Mno valency changes from 3+ to 4t in the following
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manier Lasss' Srssc Mng, Ma,'0-7. Thus doping the insulabng LaMnOy
malenal, in which only Me'" cuist, with the divalent 1ous [Ca, Ba, Sr etc ) causes the
conversion of 4 proportional number of Mn®* to Mn"". Because of strong Hund’s
coupling, the clectronic configurations are Mn'' () and Mn* {tzgﬁeg':'}. The
presence of Mn*, due to the doping cnables the e; elcctron of a Mn™ ion to hop to the
neighhoring Mn*' jon via double cxchange, which mediates ferromagnetism and

conduclion.

Figure 4.3 and 4.4 show the normalized resistivity as a tunction of empcerature for Gd
doping on the La of Laz.Sr.MnOr compounds al zero field and apphed maguetic
field of 0.86 T respectively. The substituton of Gd in place of La remaining the St
unchanged results in lowering of metal insulator transition temperaturc by a few
Kelvin, As Ga'* is substimoted for La, the valency of La and Gd remains same but lhe
atomic sizes of La is larger than Gd ions As a result there would be other possible
interactions such as phonon mediated eleetron-glectron interaction, electron phonon
interaction, latiice distortion et duc te their difTercnt atomic sizes, crystal strucrure and
different magnetic moments. For the difterent atomic sizes of the doping elements the
cryslal stuchire may distort due to Jahn -Teller etfect and changes would arise in the
transition peak. The double cxchange, and consequently, the physical properties of
these materiuls, is particularly susceptible to the laltice effects brought by doping.
Previous expctiments demonstrated hat [2] very strong lattice elfecls have been
realized when the La jons arc partally replaced by trivalent and divalent jons of
difTerent sizes That is any deviation from the ideal cubic perovskite structure can lead
to either a reduction in the Mn-O-Mn bond angle from 1807, or in the bond length, both
directly alfecting lhe double exchange. In the present investigation upon substitution of
La (ionic radius ~1.22 A" with Gd, which has a smaller ionic radius (~1.06A"%, the
MnQ; oclahedra are forced (o rotate in order to compensate the resuling variation of
space around A site. This rotation of MnO, octahedra lowers the Mn-0O-Mn bond angle
and thus reduces the elecctron hopping between Mn™* and Mn*' ions. Therefore, the
resull ol replacing La by Gd atoms is found to lower the ferromagnetic (or metal-
insulator) Lransition temperature, an effcel that is due (o bond bending caused by the

latice adjusting to the size differential between the ).a and (id tons.
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The others point of consideration is that the resistivity of FM metal has a quite
prongupced contnbution from the electron seattering on spin disorder (apart from the
usual contnbution from crystal lattice defects and electron- phonon scattering). Higher
number of electrons results other types of interactions, spin {uctualions which pives
rise to increase further spin disorder in the compound. As the magnetic field s apphed
the resislivily Jecreases because all the disordercd spin aligns in the direction of the
applied (ield and as a result scattering is reduced Thus the metal-insulator transition is
enhanced by few kelvin as the applied magnetic field accelerates magnelic orderning,
These results apree with the results reported carlier [3} for LagerCanaMnO,

polycrystalline bulk samples and have consistency with our present investigation,

Figures 4.5 and 4.6 show the normalized resistivily bchavior as a function of
termperature  for  polyerytalbne  samples of the  type  La oGy aSr) eMniOy,
Lay p{idp a8r1.aMnz0q, La; ¢GdysSr 2Mnp07 in zero [1eld and in an applied magnetic

field of .86 T respectively.

To date, much of the investigation of the CMR materials bave been done either by
doping of the La by divalent ions or trivalent atoms of lanthanum scries. In the present
investigation. the Gd was substituted {or St keeping La unchanged, From the p- T cutve
{fizures 4.5 and 4.6) it is clear that when non-magnetic Sr is replaced with magnetc Gd
alom the transition temperalure 15 found to increase dramalically favering metaliic
phase, The magnetic propery of Gd is thought 10 be responsible for higher (ransition
temperature. When Srowill be replaced by magneuc Gd, the concentration of non
magnentie St will be reduced and the Gd-Gd coupling will increase. The ferromagnetic
coupling of Gd-Gd 1s likely to ephance Tp, the fermomagnctic to paramagnetic phase
transition tetnperature with increasing Gd. Thie reason for increasing of Tp for these
samples upon the application of magnetic field is due lo spin alignment and the
mechanism is similar to that of the trivalent substituted samples 1n the La site f.e.

resistivity decreases upon the application of magnetic fisld.



4.3 Magnetoresistance of various polyerysialline samples
This chapter concerns the maguetoresistive  properties of the varous  bulk

polycryslaltine samples.

Typical magetoresislance curve obtained [or the samples at room temperature arc
shown 111 figures 4.7 and 4.9 a3 a functuon of magnetic field. Room temperatare MR is

found to be very Jow almost 1.5% ~ 2% and is almost lincar with field.

But the MR at 7% K [or these polycrsytalline samples shown in Fig. 4.8 and 4.10
exhibited a larpe value in presence of low applied magnetic field. At low temperature
(78K} the field dependence of MR exists {or an applied field of uplo H* as shown in
figures 4.8 and 4.10. The magnetic field H* designates the boundary of the two slopes.
Beyond H* the magnetoresistance 15 a weak function of the applied magnetic Licld. In
this work, about 12 % ~15 % of the MR is observed at H* = 0.15 T~ (.16 I'. The
maximuin change in MR is 16% for La, 481 ¢Mny0; pelyerystalline samptle at H* =
164 m' whereas the total magnetoresisiance for this sample 15 19% under the
application of 860 mT magneuc ficld. This may be duc to the reason that as the
materials are subdivided imto domains, low ficld was quite sofficient to align the
domatn spins and thus a sharp decrease in MR was observed but to align the spins at

the domain boundm}rféquims much larger field leading o weak field dependence.

Previously it was observed from magnetization measurenients that this H* is close to
the saturation niagnetization ficld of the sample. The 1wo slopes MR at low temperaturce

were explained by Hossain et af [4] in following grain and grain boundary model.

At T<=T, the material is in the ferromagietic regime In the absence of field the
magnctization of the grain of the polycrystalling material will be like that in figure 4.11
a, The individual spins at the grain boundary regions are randomly oriented. In the
abscnce of Tield, a camer will suffer scattening from the unaligned magnetic domain, as
well as disordered spin at the grain boundary region By applying a low magnetic field,

the magnetization of each grain starts to align towards the direction of the cxternal
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magnctic 1ield as shown in figere 411 b, Howcever a large magnetic field is required 1o

align the spins of Lhe grain boundarics as shown in figure 4.11c.

LY

(a)

Hext=H"*

X
x
X
(b)

t

Hex‘t

Figure 4.11: Explanation of the two sloes MR at low temperature { T <Tc)

Table 4.3; H at 7% K for various polycrystalline materials

Samples Muximum H {mT) H* (mT) MR % | Maximum MR %%
Laya5m aMnaO- 164 15 1296
La| 381 gMny0- 126 5 1082
La, oSr20M 0y B3 2 10 %1
Lay 2Gdaasr (MnaOs; %60 mT 139 14 17.56
Lay olids 251 Mn, O 130 6 13.57
Lag sCda 251 obina O 122 3 13.07
La, oGde 4511 sMna 05 123 10 1519
Lz, of3dp g3y aMnaOy 108 T 1414
La; oGdg 5511 2Mn305 103 ] 12.25
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The magnetic properties of the gram boundary play a central rele 1n the undorstanding
of the magnetotranspon properties in polycrystalline manpanies. Hwang e o [6]
observed an unexpectedly large low-ficld maghetoresistance in polycrystalline
magneie bulk and thin film samples, which is due to the spin-pelarized tunncling
between {eromagnetic graing. This finding witialed numerous studies on exlrinsic
magnetoresislance effects 1n magnetic oxides; investigations were extended to other
systemy such as CrO ThMnzGs as well as to the present Ruddlesden-Popper family of
compounds  {R;,D.0n MGy But the imtial aun of fabricating magnetic field
sensors operating at room temnperature, however, has not yet been made.  Hence the
physics of spin polarized transport in both ferromagnetic tunnel junctions and grain
boundary junctions has led to grcat challenges to both theoretical as well as

expenimenlal physics and constilutes a new rescarch area within the emerzng ficld of

spin-glectromics.

47



00« -—
8 -
wn
-
-0.6
=
% ¥ LaHSrIIﬁMﬁ:GT .
-1.24 = La Sr MnO*
4  La .;,STZUM";GT
& La ,Gd, 81, Mn ()
¢ Lo Gd Sr MeOo
-1.84 o la Gd Sr, MnO,
. ; .

0 200 400 600 800 1000
Magnetic Field (mT)

Fig. 4.7: Magneioresislance (MR) as a function of magnetic fleld  al room
temperature for various polyerystalling samples sintered at 1100°C

—-—LaHErmMnZD?

—0—-La128r1IEMnED?
0~ . —~—La, Sr, Mn O,
Ko - —v—La”GdMSrmanD?
-5+ R, o Lamggu.z:rtsmnzg?
- —o—La r n
g i h ““J\-‘ﬂ‘_‘rh“_‘ " - a8 oz 2.4 27T
W " e
% 10 o s
L oy
- J "—-d'b—:,..'}__c
154
204 H =145mT
O 200 400 600 BOOG 1000

Magnetic Field (mT)

Fig. 4.8, Magnctoresistance (MR} as a function of magnetic ficld
at 78 K for various polycrystalhine samples sintered at 110"

48



MIL %

P g

-5 -

Lﬂ,.uﬁdﬂ_dsﬂ 6M :120?
lLa, DGdu‘&SrMM HID?
La, nGdu_HSrl 3anE},J

%

T T T T T T T T T 1
] 200 400 600 E00 1000
Magnetic Ficld {(mT)

Fig 4.9, Magncloresislance (MR] as a function of magnete ficld for for
La._u(jd.;.,an 5MH;J_D:.', L{|.| ﬂ.Gdu .55'(‘|..-1 MI’I;D;- & La] quﬂ,gSF;_zMHQOT at
roum temperature for various polyerystalline samples sintered at | 100°C

+Lal_quﬂ4Sr1 6Mn20?
——La, U('jd{J Sr Mn, O,
—h— La[_UGdHSruanD?

H =123 mT

0

200 400 600 800 1060
Magnetic Field (mT)

Fig. 4,10 Magnetoresisiance (MR) as a function of magnetic ficld for for
Lill {.Gdﬂ qSI‘|,5]"'-"1I'IzD?, L{’L] UGd;‘;.ﬁ.Sﬁ JMHEO? & Lﬂl,ngn,gSh ZM“.}_,D]'
at 78 K for various polycrystalline samples sintered at | 100°C

49




4.4. Activation Energy
Activation energies for varipus invesugated polyerystalline samples can be calculate

from the slopes of straight hnes using the relation

p = pp exp (EdKgT)

where, Ey1s the activation energy and Kg 15 the Bollzinann constant

In figures 4.12 In p{T) p(RT) is ploted against 1/T for various polycrystalline samples
at sintering lomperamre 1160 € and apphed magnetic field 0 T and (.86 T. The
ternperatie region is considered from mansition lemperatere to room temperture for

the respective polycrystalling sampies. Table 4.4 shows the values of the activation

gnergies.

AN the samples show very geod binear behavior wy the In p(T) p(RT) ~T"' which

suggest that conduction occurs through a thermally activated process.

Tabie 4.4: Aclivation energy (meV) of the polycrystalline samples

Applied Magnetic Field | Applied Magnetic Field
Samples (0T) (0.6 T
La, S 0Mn:05 2434131 239 +1.39
Ba, 280 M0z 0; 26.3£1.38 25 5+1 67
Lay3r; My, 3G 8141 29 011 85
Lay 2Gdy258m sMuba04 2724153 26.5+1.27
La, oGudg 25t pvln.0x 2974211 288 £1.79
Lay yGdy 2 SrzMin 0y 3501248 I35 L1608
La; Gy 551y Moy 5529 £2.95 5391348
La; (Gdys Sty M0y ag3z 179 34358292
La, yGdg Sy 2 Mg Oy 241 £2.22 22.5 12,621
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The activaton cacrgics obtained {tom the slopes of the lmesr curves showed that if
wmereascs with the ingrease of concentration x in RosSryaMn:0r (R = La, Gd)
polverysialline samples. It was also observed that the activation energies increases
slightly with the substitution of Gd 1n place of La and Lhis 15 due to the lower size of (d
atom. The result 15 In agreement with that obtained by A Bamman er of [5] for
Pry 711 Cag :¥nCs (R =Y, Dy.Gd. Sm, Nd) sampies. {t ts also noticcable that lugher

percentage of Sr concentration in the sampies mcreases activalion ciergy.
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CHAPTER 5

Summary, Conclusions and Suggestion for Further Work

Summary of the present investigation

Magnetoresistive properiies of Laz.Sri+2Mn20; bnlk polycrysialline samples prepared
for doping levels x = 0.3 -(L.5 and sintered -at temperature 1100°C for 24 hours in air have
been investigated frem reom lemperalure down to liquid nitrogen temperature using
slandard four-probe technique. X-ray diflraction {(XRD) analysis was performed on these
samples o examine phase purity. From the XRD pattern the samples were found to be

homogeneons and single phase.

The temperature dependence of normalized resistivity of polycrystalline bulk samples

Lz 2:871:2:M0207 for x = 0.3 —0.5 in zero magnetic fAield and in a magnelic field of 0.86 T
were investigated. The corresponding behavior was also observed in addition of a small
amount of Gd 1n place of La and Sr of Lagg,Sri+;Mny07 bnlk samples. Most of the
samples show an metal-insulator transition with a peak in the electrical resistivity, pe, at a
temperature Tp. It is seen that with the decrcase in temperature, the resistivity of the
samples are increased reaching at maximum value at a certain termnperature. With the
further docrease in lemperamure the resistivity is decreased. The above-mentioned
temperature is the metal- insulator transition temperature and is generally very close (o the
Curic temperature, Tc, the ferroinagnetic te paramagnetic transition, The transition
temperature vanes from 103 K (o 168 K with doping concentration and pariial snbstitution
of Gid on the La and Sr of Las 2,S1142:8 0707 {x = 0.3 —0.5} polycrystalline samples.

It is well known that hole doping in ABOs-type perovskite manganese oxide produces
metallic conduchvity and ferromagnetism where the magnetic interaction is mediated by
the transfer of the heles {the double exchange interaction in the mixed Mn** /Mn* valence
state). With Laz,SriizdMna0s, the fundamental mechanism leading to the appearance of
metallic ferromagnetism would be the same. The parent material of Lay.2.5rxMnzQ; 15 a
charge transfer insulator of La;SrMnaOy. In hole undoped La;SrMnyOs, the Mn®*" ion has
the electron configuralion of e, Among the four 3d electrons on the Mo site,

t'2.electrons can be viewed as localized spins (8 = 3/2), while the e, electron is cither
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itinerant or localized. Substiution of La™ by Sr** introduces holes into the ¢, state ( some

Mn®" ions convert into the Mn®" state without &', electrons).

The substitution of Gd in place of La kecping Sr unchanged results a lowering of metal
insulator (ransition temperature. As the atomic size of Gd is smaller than that of La, the
substituted Gd ions lower thc Mn-Mn exchange interaction substantially by bending the
Mn-C-Mn bond angle. Thus, the resuit of replacing La by Gd atoms is found to decrease
the transition temperature, an effect that is duc to bond bending caused by the lattice

adjusting to ihe size differential between the La and Gd iens.

From the p-T curve it 15 clear that the presence of Sr cnhances paramagmelic insulating
phase. But when non-tnagnetic Sr is replaced with magnetic Gd atom the transition
tenperalure is found to increase dramatically favoring metatlic phase. The magnetic
property of Gd is thought to be responsible for higher transition temperature. The
replacerment of St by magnetic Gd will increase Gd-Gd coupling and this ferromagnetic
coupling of Gd-Gd is likely to enhance Tp, the ferromagneiic lo paramagnetic phase

transition temperature with increasing Gd.

From the obscrvation of the p-T curves it is seen that the M-I transition temperature 15
increased in presence of the magnetic field. It may be due to the suppression of the spin
Muctuations with the applied field in the paramagnetic region.  The cxlernal magnetic field
enhances spin order that ultimately decrease the resistivity and results higher transition
temperature. Tt is also observed that the higher percentage of Sr concentration favours

insulating paramagnetic phase and lower the valne of transition temperaturc. This may be

due to the insulaling behavior of 5r.

In the present study, room temperature magnetoresistance is found to be very low almost
1.3% ~ 2% and 15 almost linear with [ield for bulk polycrystalline Rz.gSrii2,Mnz 07 (R =
La, Gd) samples. Magnetoresistance measurements for the bulk samples show a sharp drop
at low magnetic fields followed by a linear dependence at higher fields. The exhibited

farge MR cflects in these compounds at low temperatore and very low field might be
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asscciated with magnetic-domain based scattering or spin-polarized mnneling between

grains.

In p(T¥ p(RT)Y —T" plots for the present investigated samples suggest that conduction
occurs through a thermally activated process. The activation energics obtained from the
slopes of the linear curves showed that it increases with the increase of concentration X in
Ryge5taa:MnaOq (R = La, Gd) polyerystalline samples. It was also observed that the '
activation energics increases shightly with the substitution of Gd in place of La and this is
due to the lower size of Gd atom. It is also noticeable that higher percentage of Sr

concentration in the samples increases activation energy.

Conclusions
Most of the samples show an insulator-muetal iransition with a peak in the lectrical

resistivity, af a temperature Tp.

The above-mentioned temperature 15 the metal- insulator transition temperature and -
is generally very close to the Curie temperaturs, Te, the ferromagnetic

paramagnetic transition.

This sort of M-I transition can be explained within the framework of double

exchange mechanism.

The substitution of Gd in place of La keeping the Sr unchanged results a lowenng

of metal insulator transition temperanire.

But when non-magnetic Sr is replaced with magnetic Gd atom the transition
temperature is found to increase dramatically favoring metallic phase. The’
magnetic property of Gd is thought to be responsible for higher fransition

temperature.

From the observation of the p(T)} curves it is seen that the M-I transition

temperature is increased in presence of the magnelic ficld.
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It 15 also observed that the higher percentlage of St cuncenivation favours insulating

paramagnetic phase and [ower the value of transition temperature.

In the present study, room temperature magnctoresistance is found to be very low

almost 1.5% ~ 2% and is almost linear with {ield.

Magnetoresistance measurements for the bulk samples show a sharp drop at low
magnetic fields followed by a lincar dependence at mgher fields.

The exhibited large MR effects in these compounds at low temperature and very
low fietd might be associated with magnetic-domain based scattering or spin-

polarized mnneling between adjacent grains.

In p{T¥ p(RT) ~T" plots for the present investigated samples suggest that

conduction occurs through  thermally activated process.

It was also observed that the activation energies increase slightly with the

suhstitution of Gd 1n place of La and this is due te the lower size of Gd atom,

Suggestion for Further Work

Previous investigation by rescarchers indicated that melal-insulator transition

(Twn.0) temperaturc of CMR manganites is gencrally very close to the Cune temperature
(Tc), the ferromagnetic to paramagnetic lransition. This fact should be checked for the
samples of the present investigation. In spite of the enormous research efforl, certan
aspects of phenomena of CMR research such as spin polarized tunneling in irilayer
systems, grain boundary magnetoresistance in polycrystalline manganites, domuain wall

scatiering etc are not well undersiood till now. Understanding of the above mentioned

oxides.
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