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5.1 Introduction

The preparation of material with simultaneous delectricity and magnetic
ordering would be a milestone for modern electr®rand functionalized materials.
Historically, magnetism and ferroelectricity are toally exclusive phenomena by their
mechanism of origin. The origin of magnetism is doethe presence of localized
electrons in the partially filled d or f sub-sheltstransition metal ions or rare earth ions,
respectively, which has corresponding localizechsgind magnetic moments, whereas
most of the ferroelectrics have empty d sub-shélés is the main reason for getting
very few single-phase multiferroics. On the othandh the magnetoelectric multiferroic
materials provide the opportunity to encode infdramain electric polarization and
magnetization to obtain four logic stafe§.This makes these materials very promising
for industrial applications such as new devicesiformation storage. In this respect, the
study ofRMnO; (R= Gd, Th, Dy, Ho) is of considerable current ing¢r@wving to the co-
existence of magnetic ordering and ferroelectrigitigh a strong coupling between
them® The ordering of theR spins belowTZkis strongly dependent on the relative
strengths of exchange interactions between MnRaloths, Jun_rand between rare earths
themselvesJr &2.If the exchange interaction between Mn and raréh€R) ions is weak
then theR-ordering will not be affected much*®On the other hand, strorfy,_gwill
force theR-ordering to the same periodicity as Mn down to Itheest temperaturés.
2Moreover, a decrease in ionic radius of Bienhances the competition in magnetic
interactions, i.e. ferromagnetic between nearegthbeuring Mn sites and AF between
next nearest neighbouring sité§’he TbMnQ is in the intermediate coupling region and
as a matter of fact it is the most interesting miafeand has widely been studi&a®
This TbMnQ shows antiferromagnetic ordering and ferroeledbgtow 27 K> Mn**
magnetic moments order &, = 41 K while TH* magnetic moments do so&# = 10
K. The frustrated spiral spin order of #rin TbMnQ; is thought to be at the origin of the
appearing ferroelectricit?. Also, the Tb and Mn orderings remain coupled déavthe
lowest temperatures through the harmonic couplinty&r wave vectors. This is due to
the minimization of the system’s energy by adjugtime Ising type Tb spins to periodic
Mn-ordering which leads to rather complex Th-sgimcure at low temperatur@his
intermediate coupling regime is very sensitive hy &ariation inJu,-rwhich strongly

affects the Th-magnetic ordering as has been atgdry Prokhnenket al?®
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In this chapterwe have investigated the room temperature Raroatiesing
and temperature variation of magnetic properties ©b;YMnO; and
TbMn1_«NixMnOs. The doping on different sites will effect the magc, electrical an
structural properties which may provide the insighechanism of this TbMn;
multiferroic. Substitution of both " and Mri* will provide the variation 0Jz rand
Juvn-mn @and conequentlyJunrkeepingJdun-vn andJr g, respectively, fixed. Moreove
this study will further shed light on the effect @bping on different lattice sites
TbMnO:.

5.2 Experimental

The doped-and undope-TbMnOs-polycrystalline samples were synthesized by
conventional solid state reaction technique. Stmaetric amounts of 1,0;, MnO,
NiO and Y203 (all are of 99.99% purity) were mixed and followagrocess given i
below flow chart. All doped samples wesynthesized by the same procedure. Si
phase of the samples was characterized by-ray diffractometer (Model: MiniFlex I
Rigaku, Japan) with Cu « radiation { = 15406 A). Magnetic measurement w
carried out by SQUID (MPMS) magnetometer, QuanDesign. Raman spectra we
taken with a Renishaw mic-Raman spectroscope using the 514.5 ni* laser as

excitation source.

4 4

Mixed ,ground and heated at 1000°C for
12 hours

2
pllied and sinred at 200°C or 247

The final step consisted of repressing
and sintering the pellets at 1300°C for
48h with one intermediate grinding

> 4
Tb, .Y MnO; and TbMn, Ni O,
(x=0.0, 0.025, 0.05, 0.075, 0.01, 0.15)
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5.3 Resultsand Discussion

5.3.1 X-Ray Diffraction Study

Figure 5.1 shows the x-ray diffraction patterntteé Y- and Ni-doped TbMnO
samples which clearly indicates that all the conijwrs are of single phase. Figures
51(a) and b) show the experimental, calculated and differeX¢&D patterns for
Th1YMnO3; and TbMA_NiyMnO3 (x = 0, 0.05, 0.1, 0.15), respectively.
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Figure5.1 X-ray diffraction pattern of Th,YsMnO; (a) and TbMa«NixOs (b).
The Rietveld refinement fittings are also showmtakhe Pbnm pace
group.
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Table5.1. Crystal structure parameters for ThY,MnOs; obtained fromthe

Rietveld

refinements of powder x-ray diffracticatroom

temperature using 1.5406 A x-ray beam. The atoritipos are
given for Pbnm settings where Mn occupies 4b (10 Ob and
01 4c (xy 1/4), and O2 8d (x y z) Wyckoff posgtion

Parameter/SampIe TbMaOThbgosY 0.0sMNOs  ThbogY0.1MNO3 Tbo.gsY 0.1sMNO3
a (A 5.303 00(185.3014(7) 5.299 95(19) 5.2969(5)

b (A) 5.845 80(20)5.845 84 5.843 70(20) 5.8407(6)
c(A) 7.409 40(20)7.4079(10) 7.407 70(20) 7.4033(7)
Mn-O1 1.9308(59) 1.9364(155) 1.9350(61) 1.9592(140)
Mn-02 1.8996(163) .8329(363) 1.9056(164) 1.8302(418)
Mn-02 2.2185(170) .31B1(354) 2.2032(171) 2.2687(412)
Mn—-0O2-Mn (A) 146.7(7) 143.8} 147.4(7) 148.0(17)
Mn—-O1-Mn (A) 147.2(2) 14&P( 146.3(3) 141.7(6)
Th-0O1 3.599(18) 3.53(5) 3.587(18) 3.68(5)
Th-0O1 2.384(18) 2.47(5) 2.406(18) 2.34(5)
Th-0O1 3.14(2) 3.16(5) 3.15(2) 3.23(4)
Th-0O1 2.31(2) 2.26(5) 2.29(2) 2.25(4)
Th-02 2.507(16) 2.55(3) 2.519(16) .5d4)
Th-02 2.590(14) 2.59(3) 2.567(15) 5&4)
Th-02 2.341(16) 2.28(3) 2.353(16) 364)
Th-02 3.641(16) 3.71(3) 3.629(16) 3.63(4)

Re 2.19 5.60 2.20 5.56

¥? 1.45 2.30 1.55 2.32

Table 5.2Crystal structure parameters for ToM#NixO; obtained from the

Rietveld

refinement.

Parameter/sample

TbME]O Tbo_95Ni0_05M n03

Terb_gNiollog

Tho.gsNio.1sMNO;

a(h)

b(A)

c(A)

Mn-O1
Mn-02
Mn-02
Mn—-02-Mn (A)
Mn—-O1-Mn (A)
Th-0O1
Th-0O1
Th-0O1
Th-01
Th-02
Th-02
Th-02
Th-02
Re

XZ

5.303 00(185.2816(5)
5.845 80(2(.7933(7)
7.409 40(20).3979(7)
1.9308(59) BEEb)
1.8996(163) ()
2.2185(170).13)

146.7(7) 146.6(12)
147.2(2) 142.0(7)
3.599(18)  3®8

2.384(18)  289(
3.14(2) 3.20(5)
2.31(2) 2.28(5)
2.507(16)  23W(
2.500(14)  235(
2.341(16)  232(
3.641(16)  3B1(

2.19 5.14

1.45 2.09

5.292 20(19)
5.763 70(20)
7.4449(3)
1.9458(62)
1.9342(146)

2.1309(128)
148.5(6)
146.1(3)
3.53(2)
2.38(2)
3.15(2)
2.28(2)
2.489(14)
2.597(14)
2.361(13)
3.572(13)

2.00

1.23

5.2925(5)
5.7328(6)
7.4672(7)
9325(162)
5179(380)
2.1077(393)
147.3(15)
150.0(7)
3.55(6)
2.30(6)
06(6)

All the observed peaks can be fitted with the oibe conditions in the orthorhombic

Pbnmspace group. The final structural parameters alegtse bond lengths and angles
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are listed in tables 5.1 and 5.2. As seen frometéhl, the Rietveld analysis afforded
sufficiently low R factors.The lattice parameters, as well as the ealltvolume, are

plotted as a function of Y and Ni concentratioriigures2(a) and p), respectively.
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Figure 5.2:Variation of lattice parameters with doping conaation of Th- ,YxMnOs
(a) and TbMr_xNixOs (b).

With Y doping, the decrease in the two basal plattee parametersa{ andb-axes),
and in the axial onec{axis), result in the cell volume becoming smalléris well
known that the ionic radius of*Y is smaller (1.04 A) than that of Th(1.06 A).

Therefore, the decrease in cell volume upon Y dpmsrcaused by the size effect. The
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similar variation of cell volume has been reporfed Sn-doped TbMn@** On the
other hand, when Ni is doped, teaxis increases but th& andb-axes decrease,
which results in the decrease in cell volume. WNeh is doped, being larger in size
than TB*?* the cell volume also decreases in a similar wayt iB that case the
decrease in cell volume is due to oxygen deficiefayrthermore, the spontaneous
orthorhombic strain, defined as= 2(b — a)/(a + b), which is also a measure of the
distortion of the octahedral, increases as a re§uttahedral tilting” The estimates
value (0.097) of TbMn@is in agreement with that reported by Alonsbal (s =
0.098)%° In our case, thes value increases very slightly or remains constaith w
increasing Y and Ni content, which indicates thHaré is almost no change in the
octahedral distortion and JT effect. The changiénlattice leads to an increase in the
Mn—O—Mn bond angle: larger in the Ni-doping samgilan the Y-doping one. A
similar bond angle change is also observed in SmMnlten Y is doped® Both Tb
site and Mn site doping change the Th—O and Mn-t€ratomic distances (presented
in tables 5.1 and 5.2).

5.3.2 Analysisof Magnetic Properties

The temperature variations of the zero-field-cddléFC) and field-cooled (FC)
dc magnetization of TbY,MnOz; and TbMn_NiOs; (x = 0.025, 0.05, 0.075, 0.10,
0.15) measured at 100 Oe are plotted in figures &8 5.4, respectively.
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Figure 5.3:Temperature variation of magnetization (field-cablend zero-
field-cooled) of ThY«\MnO:.
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Figure 5.4:Temperature variation of magnetization (field-cabland zero-
field-cooled) of ToMpxNixOs.

At low temperatures a bifurcation between FC an@ ZErves is found for both series
of the samples below the irreversibility temperatly. But for Y-doped samples the
bifurcation is observed for the doping content tgesghan 0.05, whereas for the Ni-
doped samples it is observed from the minimum dpmancentration (0.025). The
bifurcation is observed because TbhMn®a frustrated system. On the other hand, with
Ni doping, the bifurcation is more pronounced, vihie due to the fact that Ni is doped
on the magnetic Mn site. The temperature dependehcemagnetization exhibits
anomalies at the Neel  temperatufg, (T4™). The estimated Neel temperatures for
both the Y-doped and Ni-doped samples are showtabie 6.3. The temperature
dependences of magnetization of all the samplesv sho maximum at lower
temperature, which indicate the proper antiferronetig ordering of the magnetic
moments of terbiumTg?). It is observed that substitution of Tb by Y lga the
reduction in bothT™ and T, whereas the substitution of Mn by Ni leads to
reduction inT4™only. This is direct evidence of the effective retion in bothJr,_wn
and Jun-mn When Y is doped and the reduction onlyJig-vn When Ni is doped. The

decrease iff" is observed when Sn is doped in TbMrAOIt has also been reported
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that when Ga is doped in TbMa®oth theT¥"and T/?** decrease as is observed in
our Ni-doped samples. Figures @p(@nd ) show the field dependence of the
magnetization of ThsY,MnOz; and TbMnNixOs. The coercive fields for different

doping levels are estimated and shown in table Ac8ording to the figure, the curve

for TOMnQ; indicates the antiferromagnetic behavior.
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Figure5.5:Magnetization as a function of magnetic field (Mkry$teresis) of

ThY\MnGO; (a) and TbMr_xNixOs (b).

of Tb).gYo_l MI'IOg.

The inset shown the M(H)
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Table5.3. Different magnetic parameters obtained fromNt(& ) andM(H)
curves.

Parameter/Sample Y0.025/Ni0.025  Y0.05/080.Y0.075/Ni0.075 YO0.1/Ni0  Y0.15/Ni0.15

THP (K) 8.8/9.2 7.718.2 7/8.2 6.8/9.2 5.8/9.2
TH™ (K) 28.6/27.7 6.8/25.7 24.6/22.7 22.5/21.2 21.5/19.8
Coercive Field (Oe) 102/50 1PA1 125/200 101/800110/1000

It is observed that the §bY1MnOsz exhibits two critical magnetic fields
corresponding to the suppression of the antifergoraaic order on Tb ions and the
reorientation of spins. This behaviour is consisteith that reported by Ivanostal for
single crystaf’ The dilution of Tb by Y which has a slightly diffmt ionic radius,
obviously results in the smearing of the phasesitimms. It is observed that with both
Y and Ni doping the antiferromagentic correlationreases. From the above discussed
results it is observed that Y doping on the Tb sitiects bothJyn—t, and Jvn-mn
whereas the Ni doping only affects thg.,-mn. Therefore, the induced Tb magnetic
ordering is affected by the Y for Tb substitutioBsit the effect of Ni doping 0dwvn-mn
is much more pronounced than that of Y dopings lbbhserved that when Gd is doped
in ToMnQ; the difference in the magnetic configuration betw&d and Mn produces
the complex phase transition phenom&h@n the other hand, 5% Ca doping on the Tb
site results the partial breakdown of the spiralcttire? In the present investigation it
is observed that when the magnetic Tb ion is swibsd by non-magnetic Y ion the
magnetic ordering of the Mn sublattice is changétis is consistent with the
observation made by Prokhen&balthat the substitution of magnetic by non-magnetic
ions in one of the sublattices can change the nimgmelering in the other sublattiég.
The reduction inJuyn_tp also shows that Mn-exchange fields are involvedTbt
magnetic ordering in ThMnQeven below!”. It might be the case that the exchange
field between Mn ions and the neighbouring Y iogisinaller than Tbh sublattice. As a
matter of factlu,_tp decreases which in effect reduces Jpgwmn. On the other hand,
interestingly it is observed thdt;,-vn decreases strongly with substitution of Mn by
magnetic Ni butly,_tp remains unaffected. The Neel temperature couldingerstood
in terms of its relation with a spin exchange iméégFor this, MA* ions network can
be adopted where Mhions are assumed to form a perfectly hexagonatvar&tand
each MA" ion has six nearest neighbours. The Neel temperafy can be

approximately related to the spin exchange integras Ty = 0.3J(S + 1/2)%?® For
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Mn**, S= 2 and theTy will become 1.88, whereas for N, S= 32 andTy will be
1.80Q). The decrease iy is ~5%. But in the present investigation, Ni dopingueek
the Ty by 8 K (much more than 5%). It might be the fdwttNi for Mn substitution
does not correspond to homogeneous reduction in Mvin-exchange but the
pronounced effects located at the sites which acemed by Ni. It might be predicted
that exchange interaction between Mn—Mn is oppasiteture to that of Mn—Ni which
in effect decreasedun-mn. Furthermore, the exchange field of Tb ions in tlear
neighbourhood from Ni might be the same as thahfMn. It might be the fact that
with Ni substitution the Th-magnetic moments do loaise their alignment alongin
the vicinity of Ni ions as has been predicted bgkRenkoet al for their Ga-doped
samples?

Moreover, it has also been reported by Jiang arah@f that when Mn site is doped
the dopant valence and dopant radius play a cruci in changing the local

polarization. It has also been repoffedhat when divalent is doped the local
polarization is always decreased. Thereforé! Noping might change the polarization
flop observed in TbMngl° which in effect may change the exchange interactio

5.3.3Raman Spectrum Study

Figures 6.64) and p) show the room temperature Raman spectra of urniddope
and Y- and Ni-doped TbMngsamples. The vibration modes in R&nO; compounds
are detected™ For TbMnQ, there are 24 active Raman modes ofy(FAB;4 + 5By
+ 5Bgy). The different Raman modes 8MnO; as R for rare-earth ion mode are
labelled T the tilt, 4 mode at between 280 and 370 &nAS for asymmetric stretchgA
mode at around 480 ¢ B the bending A+ B;; mode between 420 and 530 ¢rand
SS for the symmetric stretchyBaround 610 cit?* 3% *No peak shift is observed
when Y is doped but a small perturbation of thekppasitions was found as Ni is
increased for T, AS, B and SS modes, which origifisdm structural distortion. It was
found that the sample showed four features labélledS, B and SS at around 370
cmt, 479 cm?, 520 cm®* and 610 cnit, respectively* and one second-order Raman

scattering attributed mainly to the oxygen vibratinode at 650 ci.

It is known that the T, AS, B and SS modes depanthe Mn—O(1)-Mn angle,
Mn—-O(1) length, Mn—0O(2) length and Th—-O length pexgively. We have plotted the
doping concentration dependence of the Raman freige of the (a) tilt mode, (b)
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bending modes and (c) stretching modes for bothsyiseems (given in figur@). The
T, AS, B and SS features are indicated as A, Bn€ B, respectively, in the figure.
The TAg (4) normal mode is highly dependent on the tilglanbetween the two
octahedral. The bending mode which is assigned/Ag B3) + mixed (520 cm-1)
includes two different &3) normal modes indicating inside the Mn@rtahedron, the
angle between the O(1)-Mn-0O(1) axis and the Mn—-@I&)e is bent, and the mixed

modes are a combination of thg(3) and A(1) modes.
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Figure 5.6: Raman spectra of ThYMnO; (a) and TbMnNixO3 (b).

Moreover, the Tb—O(1) bond length will bend theabetdron and bring about a larger

force constant, indicating that higher frequencgit@tion is needed. The stretching
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mode (symmetric and antisymmetric stretching) wésaalong the Mn—O bonds in- or
out-of-phase. The in-phase term motions dependories bond lengths/force constants
and the out-of-phase term is the opposite. Theifesitof Y-doped TbMn@match with
the low temperature Raman spectra of TbimEported by Pradip Kumaetal [35]
except the lower intensities of the peaks at hignequencies 41310 cm?). It is
observed that when Y is doped on the Tb site almosthange in the spectrum is
observed. But the intensity ratio (e.g. ratio @éirsity at 608 cit to the intensity at 370
cm?, i.e. leodls70) increases when Y is doped. This is consistent thieh observation
made by llievet al [36]. The Y doping increases the distortion and dessedhe bond
lengths which lead to increase the Raman intendityen Ni is doped on the Mn site the
Raman spectrum changes: features at 485 and 60&omaden and features at 506 and
527 cm* disappear. The modes at frequencies 485 amd 608 crit are, respectively,
due to MnQ@Q bending and in-plane Gstretching. The frequency of a mode involving
stretching vibrations of £atoms in thexzplanes is determined by the Mndistances.
In the present investigation when Ni is doped @ site it is observed (tabte?) that
Mn—O(2) distances decrease which in effect broatlemsnodes at 485 and 608 ¢m
This broadening should be a consequence of latismeder as induced by Ni doping on
the Mn site.
54 Conclusion

The structural measurements show with Y dopibg parameter decreases
whereas, botha’ and ‘c’ parameters remain almost constant or decrease skghtly
which result in the decrease in unit cell volume. tBe other hand, with Ni doping’*
parameter decreases andgarameter increases, whereasgarameter remains constant
or decreases slightly. Both Y and Ni doping deadhe Neel temperatur€,. Y doping
reduces effectively both thér,_t, andJun-mn €xchange interactions, whereas Ni doping
on the Mn site decreases only thg-wn €exchange interaction. The reductioriin the
Ni-doped sample cannot be explained with simpléamge integral where Mhions are
assumed to form a perfectly hexagonal networl?* Nioping might change the
polarization flop in ToMn®@which in effect may change the exchange interactiothe
room temperature Raman spectra for Tbia@d Y-doped TbMng) eight features are
observed. When Ni is doped, modes due to Mhénding and in-plane Lstretching
broaden and few modes disappear. This might betaluke lattice disorder which is

induced by Ni doping.
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