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CHAPTER 1

Introduction

In recent years, investigation of magnetism in Gadolinium (&dparticular, polycrystalline, and
nanostructured Gd has attracted renewed attentidnis renewal of interest is due to a number of
reasons that range from basic physics issues related to the magnetism in the 4f metal and also its
applicationpotentials Also the alloys of Gd with transition metalge expected to hawapplications

in field like Spintronics. Electric, magnetic and magnegbectric properties are greatly affected in
nanostructuresn this chapter we give a brief review of the statughef relevant issues and the
necessary background needed for development of the thesis. A short review on the newly emerging
magnetic properties is discussed here. In this chapter we discuss the motivation of this thesis and
discuss the importance of nanmusttured Gdand its alloys. The outline of the thesis is stated at the

end of this chapter.
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1.1 Motivation:
Magnetism in Gd is fast remerging as an actively researched are#®].The main
motivation appears to be the fact that Gd is a new nanomagnetic system where the
ferromagnetic (FM) state arises from Gd ions witbll-localized spin only momenin
contrast to the magnetism moreitinerant conventional 3terromagnetic materials like Fe,
Ni and Co.Strongly localized magnetic moment of Gd ions without orbital contribution,
rather low and temperature dependent magnetocrystalline anisotropy eéBgragyakes Gd
a special ferromagnetic metéih recent yearsthere is renewal of interest in magnetism of
Gd, particularly nanocrystalline GaThis renewal of interest is due to a number of reasons
that range from basic physics issues related to the magnetism in the 4f metal and also its
application potentials.
The main binding thread of the thesis is #résotropy energyH,) and its modification as
Gd becomes nanostructured. We also show how a low field MR in Gd nanostructured films
and nanowires and current induced domain wadtion in a nanoconstriction caedd to a
guantitative evaluation ainisotropy energyH,). A very interesting manifestation of tig

and its temperature derivati\%% was found in nanowires of a &b alloy where the
compensation temperaturé.f) the GdCo alloy shifts byfew hundreds of Kelvin in
nanowires of the same composition due to softenin%%)fthat occurs due to predominant

contribution of nearly temperature independent shape and size anisotropy erterginto
contrast to the temperature dependergmatocrystalline anisotropy that dominatesEyén

the bulk sample.

In this thesis work we also studied on the newly emerging magnetic properties like Bose
Einstein Condensation (BEC) of qugmsirticle magnon that occurs due to softening of spin
wave siffness constant in nanostructured Gd.

1.2.Unique properties of Gd:
Gd is a 4f rareearth ferromagnetic metal and it has some unique properties that makes it
distinctfrom other ferromagnets.

1.2.1.Electronic structure:
There are 64 electrons in a single atomGaf. The electronic structure of Gd is
[Xel4f'sd6s. According to the Hundés rule half
binding energy of 4f is nearly saras that of thé&d orbital. Due to this fact one electron
goes to the 5d orbital andakes 4f as emore energetically stable half field orbital with
seven electrons. This 4f orbital is responsible for the magnetic moment of a single Gd
atom. For Gdthe spin and orbitangular momentum quarm number is S = 7/2 and L

= 0 andthe total quantum number 3 L + S = 7/2 andLanddDg-factor, g 1+

11 +§o?;+11) LD = o, Thereforethe 4f orbital is spherical (since L = 0) and it is

shieldedby the outer most shells 5d and @is shielding stabilizes the magnetic
moment.Due to the presence of seven unpaired electrons the magnetic moment of Gd is
very large. It is a classical ferromagnet or a simple Heisenberg ferromagnet where the
spin only moments are localized. The localized moments are indirectly cougpléte
RudemanKittel-KasuyaYosida (RKKY) interaction[7].This is in sharp contrast to
conventional 3d transition metals like Fe, Co, Ni where the ferromagnetism is due to
itinerant character and is not due to a localized moment. Due to this sharp contrast Gd
is somuch distinct from the conventional 3d ferromagnets.
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1.2.2.Room temperatureT¢:
The ferromagnetic to paramagnetic transition temperature which is called the Curie
temperatureTc) of Gd is around room temperature or ~ 293.88K This is a second
order phase transition. It is well known that the magnetocaloric effect of a magnetic
material is the largest 8. This occurs due to the balancing of two opposite forces at
Tc. One is the ordering of moments due to the exchange ctitaraand another one is
the disorder due to the lattice thermal vibration. Therefofle &r small application of
magnetic field magnetization is increased sharply. Spins are ordered greatly and entropy
change becomes maximum. Since Gd has a room tampefc, for thermo magnetic
applicationit is an important candida{®, 10].

1.2.3.Anisotropy energy Ea):
The temperature dependent anisotropy ener§y) (of Gd is unigque. The
magnetocrystaline anisotropy energy of Gd is uniaxial and it is represented by
Q = Qi'®’— Qie'— (1.1)
, wherek; andk; are the anisotropy constants.
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FIG. 1.1. Magnetocrystaline anisotropy constant of C
Reprinted with permission frofd1].

At 1963, Graham et. al[l11] first experimentally found out the value of
magnetocrystaline anisotropy constamksandk,) of a single crystal Gd disk sample.

The measurements had been done by the torque magnetometer with a field of 20 kOe.
At Tc the first anisotropy constam has a finite value wherke, becomes zero above

235 K. Below this temperatute rises sharply with a positive value akgdchanges its

sign from positive to negative. The temperature 235 K is represented as spin
reorientation temgrature Tsp wherek; andk, both simultaneously becomes zero (i.e.

Ex ~ 0). This unique feature is only observed in Gd. Since the orbital magnetic moment
L = O for Gd, the value dE, of Gd is smaller than the other rare earth materials Tb, Ho
etc. (though it is larger than the transition metals Fe, Co, Ni).
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1.2.4.Spin structure:
Gd has a hexagonal clospdcked kcp) crystal structure with the lattice constaats b
= 3.63 A andc = 5.76 A.For a hexagonal system with uniaxial anisotropy depending
on the values of anisotropy constamtsandk;) four different cases are observed.
(a) Whenk; = k; = 0, the ferromagnet is isotropic.
(b) Whenk;> 0 andk, 0, thec-axis (alom thec lattice constant) is an easy axis.
(c) Whenki< 0 andk, 0, the basal plane is an easy plane.
(d) Whenk; andk; have different signs, the ferromagnet has an easy cone.
The easy angld, between exis and saturation magnetizatiog is defined from the

energy minima conditions;— = 0and — > 0.
T— 12
C-axis ‘ SN , ,
01 =
AN .
60— (b) RS <
50+ o *s .
£ 40- ‘; A . 4
= 30‘:: . p® i » -

O—W—ﬂU‘_’;H?U——Tw’* T

Basal plane (a)

FIG. 1.2 (a) Schematic diagram of magnetization directidnis the angle
between exis and saturation magnetizatibty. The applied field makes an
angled with Ms. Easy cone and basal plane is marked in the figure. (b) PI
the easy angledf) between @xis and magnetization of Gd as a function
temperature. Reprinted with permission frfif].

Whenk; andk, are both positive, the ener@y is minimum ford = 0° andc-axis is an

axis of easy magnetization. FIG. 1 clearly shows that this condition for single crystal Gd
only occurs afl > Tsrand in this temperature regioh = 0° (FIG. 2). Ifk, andk, are

both negative, the minimum value Bf occurs atf = 9¢°. This does not occur in Gd

and any basal plane magnetization is not observed hekg.idf negative and; is
positive, the limit of easy plane behavioukjs< i ki/2. For the value ok, fromi ky/2

to D the easy direction d¥ls with c-axis is an angld which lies between®o 90. The

value of easy anglé which is the half angle of the easy cone is represented as,

$Qs
Pie]
For Gd belowTsgthe value off, sharply rises and it becomes maximum (3 6OT* ~

190 K. Due to the further decrease of temperatyedso decreases and below 50 K the
value becomes stable at’3Therefore in Gd foifsgr< T < Tc the easy direction of
magnetization is along-axis and forT < Tsgthe magnetization lies along an easy cone
of angled, with c-axis. ExcepfT¢ there exist another two transition temperaturgs
(whereE, ~ 0) andT* (where the canted anglg becomes rmximum).

1.2.5.Spin reorientation transition temperature Tgg:
In Gd atTsg~ 235 K spins are isotropic in nature and it is called the secondary phase
transition. Specific heaty) and electric resistance are affected at this temperature.

—=sin 1 (12)

4
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FIG. 1.3. (a) Specific heat and (b) temperature derivative of basal
resistance of Gd in magnetic field parallel teaxs. Reprinted with
permission fromj13].

The work of Salamon et. glL3] shows that for zero field;, has a small hump dkg

The changeC, = 0.09+ 0.01 cal/mole K decreases with the increase of magnetic field
and disappears between 0.7 and 1.0 kOe. Temperature derivative of resistance shows
more prominent result of this phenomenon. In zero field data a sharp peak was observed
at Tsgand it was comgltely suppressed for a magnetic field around 1.0 to 1.3 kOe. As
the field increases the peak position was shifted towards the lower temperature. External
magnetic field plays an important role against the anisotropy energy and rotates the
spins in the fia direction. By molecular field model the step change in specific heat

o 2.

can be calculated aefjh = ¥y TT—% " = 0.06+ 0.01 cal/mole K wheré&, is the
v

anisotropy energy and it has a good agreement with experimental results. The critical

field (H) for which the transition was completely suppressed can be defined as

Q 8 8;!:()) . Wherek,"*=2.5+ 0.5x 10’ erg/cniis the maximum (positive) value of

k; andM(0) = 7.55>g/atom.

1.2.6.Domain wall thickness:
Domainwall (DW) energy §,) and DW thicknesslij has a strong dependenceBn
The unique temperature dependenc¥gtlearly reflects orn, andl. The value ob,
which is associated with the rotation of magnetization from one easy direction to
another can be expressed B4

o = Ogysine —_IZ_E (1.3)

, Where (i is the angle between magnetization and the normal of the DW. Exchange

stiffness constant i6q, = % whereJ is the coefficient of exchange ener@is the

spin quantum number ards the lattice constant. If the rate of change of magnetization
direction is constant with the same rate of change at the middle of the DW, the
minimum value ofiican be evaluated from the relation

. 20q;
1 = — - Sine - _I“"Q (1.4)
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From low temperature, decreases with the increase of temperature antsgait
becomes minima. After that for increasing temperature it increases again and shows a
small hump at the Fernpara phase transition temperaturg ~ 293.2 K (see FIG.
1.4@)). Sincell ~ 1/(En)"? at Ts{whereE, ~ 0) U diverges and the domastructure
disappeargsee FIG.1.4(b)). From our best knowledge Gd is the only material which
shows this behaviour where in the ferromagnetic region at a particular temperature
magnetic spins are isotropic mature.

1.3. Magnetoresistancg MR) study of Gd:

Gd is a heavy rare earth ferromagnet with localized spin structure. Atomic moment of Gd is
very high and also its temperature dependendy,d$ unigue. Due to these properties from
the middle of the last century people were studying the magnetoresistance (MR) of Gd and
were trying to implement it in giant magnetoresistance (GMR) devices or spin valves
(SV)[15]. The MR of the 3d transition mdsaand alloys has been well studield.
comparison, except few classic repdit§, 17 investigation of MR of 4ferromagnet Gd
has not been done very well. Also these investigations have been done at a time when the
interesting features of Gd like spiaarientation transition and temperature dependent spin
structure have not been understood very well.
The MR of Gd single crystal and polycrystalline sample was first experimentally observed
by Hirakoa et. al[18].The magnetic anisotropy constaisto k, can be related with the
differences of MR} Y aj different directions. For treaxis sample,

Q= V1" oy VI og
for thec-axis sample,

Q= YI"0n VI 0s (1.5)
Similarly k,can be found using the % c-axis sampleo denotes both perpendicular e
axis and current direction.

1‘7’ 17’ T /" | " VINED
5Q+50Q+Q= V1" 0y V" o (1.6)
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The anisotropy constants to kswhich were calculated in this method becomes negative
throughout the temperature region. There is a single minimum observed at 110 K, 160 K
fork; and k.. The MR of all the samples (single crystal and polycrystal) with all the
conditions shows a shamaximu with negative value around 240 K.
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FIG. 1.6. The temperature dependence of the magnetoresistance coefficient
Reprinted with permission frofd7].

The coefficient of MR or the forced magnetoresistatiige)/dH within 120 260 Kfollows

the temperature dependence ‘8&Jd )/'G0© [1 ("Y"Y)] Y2 [17]. As the temperature
approache3. the spin fluctuation becomes very large and consideration of their interactions
is necessary. Because of that above 260 K the forced MR is deviated from the above relation.
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Therefore through the anisotropy energy Gd has a strong tempedepgndency. All these
work had been done on bulk samptenanodimension anisotropy energy changes and has a
different temperature dependency from bulk and therefore MR must be different in
nanostructured sample than its bulk counterpart.

1.4.BoseEinstein Condensation(BEC) of quastparticle magnon:
The occupation of a single quantum state (ground state) by a large number of bosons at low
temperature is called Bose Einstein Condensation (BEC). The particles which follow Bose
statistics are calleddson. Dilute atom gas, photon, phonon, magnon etc. are bosons with
integral spin.
1.4.1.Condition for BEC of quasi-particles:
Quastiparticle is a physical concept which describes the elementary exitons in solid.
The quasparticles or exitonshave integral spins and therefore they are boson.
According to Blatf19] there are mainly two conditions for BEC of qupatrticles.
(a) The chemical potentiat of these particles must be a valid thermodynamic
variable.
(b) The number densityn] of a quasi paicle becomes larger than a critical value
Ner.
The chemical potential is the slope of the free energy of the system with respect to the
particle number at its present state. The number of particle in appréisie system is
not fixed but at thermatquilibriumthe free energy is minimum arsdbecomes zero.
BEC is a quantum phenomenon and it occurs when the de Broglie wavedgrigth
comparable with the intgrarticle distance. Using this condition the critical value of
particle density is found as,

. 1/3
€

D_qé 0 GouQ"Y (17)

, Wheremy is the effective mass anid, is the critical temperature. The condition for
BEC of quasiparticle occurswhen the life time of the quaparticle becomes nat
larger than their scattering time.
1.4.2.Magnon BEC in different systems:
In a lattice system the elementary excitations of spins are called magnon. It is-a quasi
particle and it follows BE statistics. Few time scales which determine the condition of
BEC arementioned belo20]:
(a) magnoamagnon 2m) interaction time {,) which restore equilibrium and
conserve magnon number.
(b) multi-magnon ) interaction time {,) which do not conserve magnon
number.
(c) Long wave length magnon dispersion tirif (o cross ayrain of the system.
(d) The time () over which BE condensation forms.
(e) The time (§) over which phase coherence occurs.

If the condition(,§ < (& < Un,< Gnis satisfied, BEC occurs for a magnon of life time
greater thaty,

From the end of the last century BEC of magnon have been reported in different
systems. The experimental evidence of the BEC of magnon was first observed in spin
dimer compound TICuGl[21]. Later there have been done few more works on this



Chapter 1

system[22, 23. TICuCk is composed of a chemical double chain@gand in the
absence of a magnetic field the compound has an excitatiomlgap 7.5 K above the
singlet ground state. The origin of the gap may be caused by the antiferromagnetic
dimer coupling intte double chain. The gap collapses for the fi¢Jd= gé(g ). There

is a phase transition occur feF= Hec > Hy and Hc(T) - Hg] @ T%% Similar result was
observed in the spidimer compoundKCuCl;[24] andNH4CuCk[25].
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FIG. 1.7.The lowtemperature magnetizations of (a) TICy@hd (b) KCu(
measured at various external fields fér|| b. (a) and (b) are reprinted wit
permission fromj22] and[24].

BEC was also observed irfew more spindimer compoundsPb,V30g, SKCrOg,
BasCr,0g and BaCuSDg [26-30]. It wasobserved in quantum spiti2 antiferromagnet
CsCuCl, [31] and organic spin gap compound NH@SC(NH), [32] alsa FIG. 1.8
shows the field dependence of the magnetic torque and magnetizaBesCofO. Only

within the range of two critical fieldslc; = 12.7 T andH¢, = 23.37 T, torque/field and
magnetization has a linear field dependence. At these two critical fields the second
derivative of torque/field shows extrema (inset of FIG 1.8(a)). The laaasition can

be described by the BEC triplon theory. Also the magnetic hysteresis is only observed at
the upper transitiofc,. Therefore the lower transition is second order type where the
upper transition is more likely the first order type. tAd, lattice coupling may play a
crucial role. From the phase diagram thmaximum transition temperature to the
magnetically ordered state was found to correspond to ~ 2. HK-di8 T (FIG 1.8(c)).
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The phase diagram was determitieebugh a combination of ngaetic torque, magnetic
force, MCE, and heatapacity measurements.

3000 4

,, 2500 - .
< / 2000 Y “
= _o'~ < Tlauantum "¢ BEC T Fuly
= £ E Paramagnet *  Polarized
=} ~ [ .
5 o= 5 1500 ¥ s
£ S B = MCE -
S S s f « Torque -
I =1 & 1000+ +  Heat Capacity Y
= = »
S) [ v Force .\
@ :
= 500 -] H '
(@) (b) G -
1
=] o
T T T T T 0 T
10 15 20 25 0 5 10 15 20 25 2 14 16 18 20 22 o2
Magnetic Field (T) Magnetic Field (T) H(T)

FIG. 1.8. (a) Magnetic torque measurement of;Ba0s at 600 mK. The
second derivative of torque/field, shown in the inset, shows two promi
extrema, indicative of the two transitions. (b) Force magnetom
measurement at 600 mK. These data are qualitatively similar to the t
measuremen{c) The phae diagram of B&£r,O; for theH || ¢ Brientation.
Figures are reprintedith the permissioifirom [30].
Also BEC of magnons has been observed at room temperf8iein a cubic
ferromagnetic insulatorttrium-iron-garnet (YIG YsFe(FeQy)s) film by application of
microwave pumping that creates a large enhancementaghondensity which in turn
leads to BEC.

1.4.3.Magnon BEC in nanostructures.
The long wave length magnon dispersion tigheould be related with the system size
as[34], &® 1°, wherel = L/a is the system size in units of the lattice constarks a
crude sensé} could be taken athetime scale for a magnon near the gap to cross the
system. Thereforé} ~ Liv, ~ 2% ~id agreement with thé& = 2 prediction. For a
system of grain size 10 nrh< 1¢), 1 mm ( ~ 10) and 30 cml(~ 10) & is 10®s, 1 s
and 5.5 h. If the system size increases, it is very difficult to maintain the inequality
condition( < G Therefore in low dimension (nastructure system) the probability of
occurrence of magnon BEC enhances.
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Superpara- Above BEC temperature

20} magnetic

10} Ferromagnetic 1
BE condensate
0 1 1 1
0 5 10 15 20

Particle diameter, nm

FIG. 1.9.Division of the temperature vs particle length plane into three region:
Reprintedwith the permissiorfirom [35].

The gap temperaturB,, corresponding to the gap ener@ye, = Ja’(k’ i ki), is the

lower bound for the BEC temperature. The maximum value of magnon wave length
satisfy the conditiore-= 2d. Whered is the particle diameteranid= K, d 2.” / d
ThereforeTg,,=  Faf/ksd.

The blocking temperatur€s_ which is related with the superparamagnetism must be
greater thanTgec. The energy barrier for magnetic reversalCié/2, whereC is the
specific heat an¥ is the volumeC = (D, - D,)M?, whereM is the magnetization and
D6s are the shape demagneti zing Cf=a&g,t or .
where k; is the anisotropy constant. The relaxation time for uniaxial anisotropy is
t= 10 9F¥ QY For al= 100 sTe, can be expressed @is. = CVI50Ks.

For Fev = 2.16 x 10 2! J anda = 0.4 nm. Again for a spherical particdk= 10

Jint and V = ~ d6. FIG. 1.9 shows that there are three distinct phases: the
ferromagnetic phaseT$Tgeo), the superparamagnetic pha3eTg ) and BEC phase
(T<Tgec, Tgo).This result clearly shows that the BEC is favourable in nanostructured
system.This type of temperature driven BEC have been reported in Co/Pt multilayer
nanopillerd36] and more recently in Gielanocrysta20, 37-38].

1.4.4.Magnon BEC of Gd nanocrystals:
The detailed study on the BEC of magnon in nanocrystalline Gd of grain size 12 nm and
18 nm has been report¢d87]. In the presence of magnetic fieldl the momentum
distribution of magnon in uncondensed phase is
1 " [0:40)]
(2“)30 QCas ') 1

€= (1.8)
, Where-ok 928/ 24 with the effective masé& * = 92/ 20 andD is the spin wave
stiffness constantp= @+ gHg whereq is the gap in the spin wave spectrum by
magnetocrystalline anisotropy energy. is the chemical potential. The magnon
contribution in magnetization is given by

0 YO =0 0,0 ™"Qgé (1.9)
The specific heat per unit volun@,.gcan also be expressed as,

11
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FIG. 1.10. (a) Comparison between the obsenfegmbols) and theoretical [continuot
curves, yielded by equation (1.9)] temperature variations of magnetization at fixed fie
the range 2.2 90 kOe in nanocrystallineéd with an average grain size of 12 nm. The in
illustrates that, unlike the BE formalism, the conventional spimave theory fails to
describeM(T) over an extended temperature range. (b) The total specificCh€Btat a
few representative fields fa = 12 nm. Note that th€,-20 kodT) and Cy=o(T) data are
shifted up by 2.5 and 5.0 J/molK, respectively, with respect to that takérat0 kOe.
The continuous theoretical curves are obtained by adding the (Sommerfeld) elec
(Debye) lattice and (BEC) magnd@,g contributions toCy(T). The botom inset shows
CnadT), the slope change &dt, predicted by the BEC theory, and the increase in,
progressive smearing ofc with H. The top inset displays the magnetic entropy cha

P Ry for a few representativep Hvalues (open symbols), obtainfdm My(T), plotted
against T/Teg(H = 0)P? for d = 12 nm. The straight lines serve to highlight t
characteristic BECT®? variation of entropy foiT << Te. g Sag at qoH= 20 kOe (solid
circles), calculated fronCy(T), agrees quite well with thatalculated from M(T) (open
squares). Reprinted from the permissiofi3a1.
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FIG. 1.11.Scaling of the magnon BE condensate fraction witfige)*?at different
fields for d = 12 nm. The inset highlights the scaling Tf(H) with &, "Y=
1.8K,"0 @O ?3.(b) The BEC transition temperatulie obtained fromMy(T)
and Cnag (T,H) plotted againsH??for d = 12 and 18 nm. The bottom inset depit
the temperature variations of the normalized chemical potesiiégl’ at various
fixed field values. Reprinted from the permissiof3x].
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From the self consistence fitting Bfin.1.9 and 1.10 tonagnetization and specific heat
n, D ande was determined. The observations showed #athg critical temperature
"y ® "0¥3, (b) atH = 0, up toT = Tc the condensate fraction scales withTE]*? and
becomes zero foF  Tgg, (c) Te(H) @ (field-dependent condensate dendityyd) for T

Tese, € —> 0 asH—>0 and sharplyeachedo a large negative value fdr> Tge and
(e) at low temperature the magnon entropy followsTifepower law.

2
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FIG. 1.12. Transverse magnetoresistangey, (T ), cal cul at-e
field6é -fainal dédz erredsi st i vi ty a tnctiorv e
temperature for the nanocrystalliGe sample with average grain size ga
=12 nm and (byl = 18 nm. Reprinted from the permission2d].

The temperature dependence transverse magnetoresistance;MRHE [ } o)/} ;Shows
a sharp minima alge and the amplitude of that minimum value increases with the
increment of fieldH. Due to an anomalous softening of spiave modesnagnetic field
of increasing strength progressively destroys the BE condensate phase coherence and
suppresses the magnonsherefore electromagnon scattering contribution also
decreases sharply.
In the nanostructured materials, the observations of magnon BEC have been made
mainly through magnetic measurements like magnetizaltio@t in this nanosticture
sample similar behaviour may also be observed from the superparamagnetism. In this
thesis we strengthen the proposal of magnon BEC thesing electrical transport
property including MR along with magnetic measuremements and choosing large
grained samples where the chance of occurrence of superparamagneti&veigly
minimized.

1.5 Current driven domain wall motion:

1.5.1.Theoretical work:

When high density D&@urrent passes perpendicular to a domain wall (DW), the
electrons crossing the wall apply a torque {8%]. This electron flow tends to cant the
wall spins in the current direction. Since, the wall thickness10 nm is much large

than the electron wave length~ 0.5 nm, a very smooth and gradual disturbance must
be observed throughout the wdlhe electron spiifollows closely the direction of the
intratomic (Hund) exchangdield, which is parallel to the local magnetizatiorP.An
analogy exists with the propagation of microwaves along a twisted rectangular
waveguidewhere the twisting happens gradually over the distanc€herefore the

13
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polarization vector of wavelengtifollows the local orientation and turned arouiral
reverse theliredion of ip 0 Bnmustapply an exchange torque bninversely,pcreates a
reaction torque on the wall, equivalent to an exchange field appligdatod having a

componentd® in thex directionsnormal to the wall:

W6 0 = (1.11)

, Wherej is the current density across the wall, well defined ch&fge + 1.6 x
10 196 and well defined spin polarizatian= + 1.Also’Q= + lis the wallfhelcity"

indicatingwhetherl Rturns clockwise or anticlockwise as the wall iscros&ed.cobalt
with j = 10 A/m? Eqn.1.11 givess@Ps= 35 A/m.

cA

FIG. 1.13.a) A conduction electron of spis crosses &0

domainwall. b) Analogy with a linearly polarized microwav

propagating along a twisted waveguide. Reprinted from

permission of39].
Due to the electrostatic interaction this exchange field tries to rotate &he x-
direction. For uniform helicit the sample exhibits a neaero average magnetization per
unit volume:

o 1t
D on}"llJr—OZ %) (1.12)

, Wherea is the spacing between wall3,is the demagnetizing coefficient of the sample
and..q is the domain susceptibility in thedirection normal to the wall.
The exchange field exerts a magnetic fig= Qs I/ Qo on the magnetic
moment "Q g ipof the conduction electrgd0].

1.5.2.Experimental evidences:
Till date current dien domain wall motion has only been shown in conventional 3d
metals and alloys and that too in Ni and Permallidye first experimental observation
of domain wall displacement had been done by Berger ¢4.13l. A Bloch domain wall
in NigoFey film was displaced by current pulse and it was observed by-déertrast
microscopy.
At the critical current densitjz a sequence of ~ 600 pulses was produced a detectable
total wall displacement. The smallest detectable displacement was about 20 em/puls
The jc vs film thicknessw data was consistent wil2® 0 2. The zero field DW
displacementpy values reacke 14em/pulse at a current of density 30 % abfyén a
sample of thickness 263 nm.

14
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FIG. 1.14 Measured values of the critical current dengityf NgiFeq
films vs film thicknessw. The besfitted straight line has a slope2.1
and gives@= 1.18 x 10'°A/m? for w = 263 nm. Reprinted from th

permission of41].

Another work studied on thdeepeningof DW under the influence of a spin current
[42]. The sample was F1/Cu/F2 multilayer spin valve where F1 and F2 both were
exhibiting perpendicular magnetic anisotropy (PMA). The spin valve consist of
[Co(0.5)/Pt(1)}Co(0.5)/Cu(6)/Co(0.5)/Pt(3) wuftilayer have been grown on
Si/SEN4/Pt(1)/Au(20)/Pt(5) buffer layer. F1 and F2 were acted as reference layer where
F1 had higher PMA value than F2. A 200 nm wide and &iiong nanowire of this
multilayer film was prepared by electrbram lithographyrad ion milling.
The extraordinary Hall effect (EHE) which is proportional to the perpendicular
magnetization was used to detect DW motion inside the magnetic Hall cross (contacts
E-F of FIG. 1.15(b)). At the end of the nanowire a large reservoir was toadgect a
single DW. The EHE was measured using a Whetstone bridge with the magnetic field
H, perpendicular to the filmrheEHE vs. DC currentioop wasoffsetfor a field ofHy =

140 Oe whichwasconsistent with the calculation of the dipolar stray field from the
reference layer whose magnetizativas pointing down hereThe net perpendicular
field in the free layer was thus;. = Hy + Hg. Effect of DC current is shown in FIG.
1.15(e}(g) for ne fields Hye = 10, 40 and 60 Oe.For a positive current above a
critical valuelc.(Hye), the DW abruptly moves from position (2) to position (4) (exit of
the Hall cross), which corresponds to a distance@d nm. When the field is increased,
Ic. isreduced
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FIG. 1.15.(a) Polar Kerr hysteresis loop of obt/Cu/F2 spin valves with PMA
measured in a continuous film. (b) Schematic diagram of a top view of the d
(c) EHE minor hysteresis loop corresponding to the reversal dfabdayer in a
200% 200 nnf Hall cross. A small EHE jump corresponding to DW motion o
10 nm is indicated. The EHE values (1) to (4) refer to the positions indicat
Fig. 1(d). (d) Bubble like behaviour of an ideal 1D Bloch DW in a magnetic
cross The electron flow direction is indicated by the horizontal arrows. EHE
function of the applied dc current for fields &) = 10 Oe, (f)Hse = 40 Oe,
and (g)Hw. = 60 Oe. Measurements have been done by increasing the c
from| =0 tol =+3 mA and then reducing it fo= 0, with a DW initially pinned
at position (2). The negative (closed symbols) and positive (open symbols) ¢
measurements have been realized independently. The states (1) to (4) refe
positions in FIG. 1.15(d).The small Joule heating contribution has be
subtracted. Reprinted from the permissiofd@f.

1.5.3.Experimental evidence from the resistancehange
Domain wall (DW) contributes a positive resistance. Levy and Z4Bpshowed that
the resistivity of a DW for current perpendicular to the wall can be expressed as,

o 2 WM nu 2 10 "3"8 Ul

” —»n | 1 0 . AP

s = "o i+ T — 3+ (113)
] 5 0o ot "o N
u o oV

n W n 8

, where” is the resistivity without DW antl, = 1j "¢ + 1j "o . Resistivity dugo up
and down spin is represented heré @and” 5. Again= “ 92"Q{ 447 0, whereke is the
Fermi wave vectorji is the domain wall thickness antlis the exchange energy
constantMass of the electron .
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Reprinted from the permission [@f4].

A set of Ni and NjFe, necked nanwire was made by Lepadatt. al.[44] and
confined a DW at the constricted region. The width of the necked region was varied
from 50 nm to 350 nm. Above a critical DC curréathe DW was extracted from the
neck and the resistance of the sample was sharply dropped down. As the constriction
width increases the value tf also increases but the resistance change decreases. The
critical current density becomes of the order of ¥Jcn?. The micromagnetic
simulation confirmed the existence of an AB@el DW for a constriction of width <

300 nm. The ratio of the change of resistivity has a relation with the area of cross
sectionSas3”/” ® 1j Y. The experimental result shows thag tvalue ofJfor NiFe

and Ni is respectively 0.42 and 0.3.

From the above discussions it is clearly conclude that the DW can be moved by the

application of a DC current and this motion can be detected by the Kerr signal, EHE
signal and resistance chargfgdhe sample.

1.6. Magnetism in binary alloy GdCo:
The Rareearth (RE) and transition metal (TM) makes a ferrimagnetic alloy. The single atom
spin moment of RE is larger than the TM atom mominhe compositions are Gadolinium
(Gd) and Cobalt Co, RETM coupling becomes strong enough and it is -anti

ferromagnetically coupledn this case the occurrence of compensation temperalyse (
(total magnetization becomes minimum) is obvious.
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1.6.1.Importance of GdCo:
Alloying of Gd, a local spin based ferromagnetic material with a conventional 3d metal
that has itinerant ferromagnet will give rise to exotic spin order like Ferrimagnetism.
Thus from the view point of basic magnetism as well as from potential applications
binary GdCo alloys and intermetallics are interesting.
Previous works reporteft5] that the Gd rich alloys and compounds of GdCo show
very high magneto caloric effect (MCE). The magnetic entropy chap§es the

measure of MCE.
. .
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0
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FIG. 1.17. Temperature dependence of isothermal magnetic entropy ct
for different magnetic field change of ¢&b; alloy. Reprinted from the
permission of45].

The magnetic entropy change of few Gd compositions lik€€GJdGakCo is very high.
For GdCo; it becomes 7.2 Jkg'K™ at 50 kOe (see FIG. 1.17).

In the multilayer spin valve system Fe/Cu/GdtBie giant magnetoresistance (GMR)
value depends on the GdCo composition as well as the thickness of the layer. At room
temperature below 50 % concentration of Co the magnetization of GdCo composition is
almost zero (FIG. 1.18(a)). The compensation comiposit is around 80 at. % of Co.
Below and abovex: the net magnetization is parallel and/or antiparallel with the
magnetization of Gd and Co atom.
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FIG. 1.18.(a) Dependence of magnetization at room temperature for GdCo
and (b) O/R ratio of the spirvalves Fe(2 nm)/Cu(3 nm)/GdCo(3.2 nm) on t
Co content of GdCo alloys. Measurements were performed at room tempel
(c) Dependence of GMR ratio at room temperature on the GdCo layer thic
for various compositions of GdCo. THmes serve as a guide to the e)
Reprinted from the permission [#f6].

For the GdCo thickness of 3.2 nm the GMR ratio is zero for Co content less than 50 %.
As the Co concentration is increased, GMR ratio becomes negative. The sign of GMR
changs to positive for high Co concentration. Therefore for a fixed thickness GMR
ratio strongly depends on the GdCo composition.FIG. 1.18 shows the GdCo thickness
dependence of GMR for a fixed concentration. During the GdCo layer variation a
crossover from psitive to negative value of GMR is observed for low Co contents.

The Halleffect measurement has been done on the Co rich amorphous alloy GdCo
[47]. Fromclose to OK to room temperaturehé Hall resistivity | , is independent of
temperature and at the compensation temperalig if changes sign. AbovE., the
magnetization shows that the Co moment is almost constant in this temperature region
where Gd moment varies with temperature. This result confirmedalitaeT.,,, Hall

effect is associated with Co moment and the magnetization of Co becomes parallel with
the applied field. The form of the hysteresis loop also changes below andlaghove
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FIG. 1.19. (a) Saturation Hall resistivity as dunction of the
temperaturé€b), (c) and (d) is the observed hysteresis lodk is the
external magnetic field. Reprinted from the permissioj of.

1.6.2.Magtetization compensation temperaturerl .,
In a binary GeCo where the magnetic nature of the two constituents is different it is

likely that the Gd and Co will form sublatticele a binary alloy of GdCo the total
magnetization becomes the resultant vector of the magnetization of the sublattise a

(Gd and Co). It can be expressed as,
0B=_0-P+ 04 (1.15)

, Wherea-+ ¢ = 1 and Mgy andMc, are the sublattice magnetizations. The Gd and Co

moments are antiferromagnetically coupled. TherelMdrestrongly depends on the

temperature and the composition. At the compensation temperag)révir becomes

minimum orM; —9, asa- My=-¢ M,.

In GdCo composition collinear structures are expected and therefore for a wide range
of composition ferrimagnetic order exist. In the Gd rich composition there has not any
Tem Only the Curie temperatur@d) is observed. As the Co concentration incregkg,
appears. But for very high Co concentratigpagain disappears (see FIG. 1.20 (a)). At
4.2 K the compositional compensation concentration gf,Ga}, alloy isxy ~ 0.8.

The saturation magnetizatidvis and the coercive fieldHc is related adHc ® 1/Ms,
Since afT,,, Msbecomes minimum or zeid: diverges (se€&lG. 1.20 (c)). This could

also be a measure of;,.
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FIG. 1.20.(a) Temperature dependence of the saturation magnetization for |
alloys. The solid and dashed lines were calculated from the-fisddriheory.
(b) Compositional variation of the saturation magnetization for GdFe and (
alloys atT = 4.2 K. Reprintedrom the permission d#8]. (c) The temperature
dependence of the coercivity for films of GdCo with compositions 33.7 %
36.4 % of Gd. Reprinted from the permissior4$].

1.6.3.Tuning of T¢
Recent numerical analysi®0] on the magnetization of the binary alloy system
reported the key point of tuning the valuelgf, They considered a system of two spin
Sand{ which were located on alternating sites of a square lattice. The Hamiltonian of

the system is,

o= 4 g o W% o N o 87 i

<tt> <ttt > Q Q
, whereS* and (® are the spins of sublatticdsandB. The nearest neighbour and next
nearest neighbour exchange constantJaendJ,. The crystal field or the single atom
anisotropy energy coefficient 3. Again the sublatice magnetizatibfy andMg can be
represented as,

21



Chapter 1

. 2 A B A 2 A 5 A
05 = z B0 = B0
1
0 ~y= E Dg+0g (1.17)

, WhereL is the system size aldk is the total magnetization.
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FIG. 1.21.Temperature dependence of the absolute value of the
magnetization per spin, for several value®dindJ 6= 1.0. Reprinted
from the permission d60].

Using Monte Carlo simulation the value M- was calculated frorkqn.1.17. In FIG.

1.21 the parameters are normalizedlpgis,D 6= D/|J,|, J,0= J./|J;| andT & T/|J,|. For

D 6= 0 a compensation temperature still exist inNievs Té curve. This phenomenon
indicates the importance of the interaction teds® for the existence of the
compensation. The value bf&confirms the location of the compensation temperature.
Thereforeby changing the value @ @ne can easily tune the positionTQf,

This alloy hasa potentialpplication in spintronic devices. There has a certain range of
the RA product (resistance contact arepof Ferromagnet (FM)/Insulator (1)/Si contact

for which magnetoresistance (MR) can be visible in spintronic devices. If the
ferromagnets are Co andghfey, the RA product becomes eight to ten orders larger
than the desired value. Therefore the observation of MR in Si spintronic device is not
possible. Hre the insulator is ADs. By adjusting the tunnel barrier thickness (insulator
thickness) one can adjust the RA product. But in this case the reversgchiattky
barrier dominates over the resistance of the contacts rather than the tunnel barrier.
Therefore for the low doped Si the RA product varies very little as the thickness of the
tunnel barrier changes.

Using a material of low workunction that is a ferromagnet the Schottky barrier height
(G g) can be reducedsd is the only material with work fution (@ , = 3.1 V) which is
lower than the work function of Co, Ni, Fe anddNiy, and it has a large tunnel spin
polarization (TSP). Therefore the FM/I/Si tunnel contact consisting of 8i4AI0.5
nm)/Gd(G5 nm)/NiggFeo(10 nm)/Au(10 nm) has eigbtrders smaller RA product value.
The value is ~ Towm®. The Tc value ofGdis 293.2K [8] and therefore the effect 6fd
cannot beutilized @ove room temperature. Tlig, value ofGdCoalloy can be tuned
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by tuning the composition. If we use this alloy in plac&df the TSP increases at high
temperatur¢51] and the device could be used above room temperature.

104

102
= SUALD,/GdNigF e,
T 102} o———8——o——0 | _ 10
E E 10°F 08
~ 1 —e— Co > g 08
o -
3 NiFe 3 10%f $" 04
§ 102 —A— Gd E 02
= .
X (a) - 104} % 05 10
b4 @
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& 10 / & 10°¢ —
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FIG 1.22. (a) Resistanitarea product of the tunnel contact at the reverae
of +0.2 V versus the thickness of the. @k tunnel barrier. The red (orange
data is for the $AI,05/Co (NiggFe) (15nm) contacts; the blue data is for t
SiIAI,O0x/Gd (15 nm) contact9b) Resistanciarea product of the &il,0O3
(0.5 nmyGd/Ni80Fe20 (10 nm) contacts at a reverse biasOdt V versus the
thickness of the Gd interlayer. The solid lines are a guide to the eyes. The
shows the Schottky barrier heiglitd) of the contact versus the thickness
the Gd interlayer. The errorals denote the accuracy of the determinatior
the Gd thickness. Reprinted from the permissiofbdf.

In this thesis we investigate the size induced tuninfy,gih NWs of GdCo alloy.
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The thesis is organized in the following chapters:

Chapter 2. Sample preparetn and Experimental techniques for characterization and physical
measurements are describedletails.

Chapter 3: Detailed study of the low fielMR of polycrystallineGadolinium with varying grain size
to investigate the effect of size reduction on anisotropy energy and the Spin Reorientation transition
temperature

Chapter 4: Low field MR of single Gadolinium nanowirdnas been studied and compared the results
with the value of bulk sample. The motivations are similar to those in Chapter 3.

Chapter 5. Bose Einstein condensation (BEC) of Magnons in nanostructured films of Gd at low
temperature has been studied and it westablished that BEC has a clear aigre in electrical
resistivity as well as magnetoresistance. The main effect is the softening of the Spin wave stiffness
constant that can be quantitatively evaluated from temperature dependent magnetizationedata. Th
resulting softening as evaluated can quantitatively explain the resistance anomaly and MR field
dependence.

Chapter 6: This chaptedescribes the current induced Domain vmadition in a hanoconstriction in a
micro strip of Gd and the resulting effaghs used to determine the anisotropy energy in magnetic

thin film with micro/nano constriction.

Chapter 7: Magnetization ompensation temperaturg,, of Gd,.Co, x (x = 0.4) alloy nanowire
(diameterD 100 nm)has been studied and understand the discrepancy in result from its bulk value.

Chapter 8: Conclusion.
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CHAPTER 2

Sample preparation and Experimental techniques

In this chapter we present the sample preparatiechniques as well as characterization and
measurement techniques that have been imstte thesis. The sample preparation used techniques
such as thermal evaporation, electron beam evaporation, integrated lithographic techniques, arc
furnace and electrodeposition. The characterization of the samples were done with instruments like X
ray dffraction (XRD), Scanning electron microscope (SEM), Tunnelling electron microscope (TEM)
and Atomic force microscopy (AFM). Magnetic measurements used Vibrating sample magnetometer
(VSM) and Superconducting quantum interference device (SQUID) and rmattueance based ac
susceptibility setip. Electrical resistance measurements were done using a 4 probe technique and the
magnetoresistance at low field were measured with an air core solenoid and at higher field with a
superconducting magnet.
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Chapter 2

2.1.Sample preparation
All the samples used in the work were made during the thesis Woeksamples which were
used in thisthesis are all polycrystalline Gd samples different dimensions and
morphologiesThe list ofthe samples which we used is given below:
(a) Bulk polycrystalline ingot of Gd used as bulk after proper annealing treatment
(b) Thick films of Gd with different grain sizes.
(c) Gd nanowire made by Focused lon Beam milling.
(d) Microstrip of Gd with lithographically patned nanoconstriction
(e) GdCo alloy ingot and nanowire
For all the Gd samples that starting material is same as that in the ingot and thus has the same
purity.
2.1.1.Thermal evaporation
It is a very well known technique to prepare film samples and electdcaact pads.
We useda vacuum chamber of air presssrel0°mbarinside the chamber a heater is
connected througtungstenor molybdenum boat at which the ingot of the film sample
material is placed. The substrate where the film will grow is placed at a distance just
above the boafl he substrate or the film with substrate sometimes heated before or after
deposition by subsite heater. Large amount of electric current is passed through the
high resistance boat and by Joule heating the boat is heated in such a way that the
sample material is melted and evaporated to the upward direction. With the contact of
respectively cold @wface of the substrate evaporation material is deposited onto it and
makes a film.

Substrate

heater 1
i 4
e
Substrate —] Vacuum
chamber
Evaporation / Sflmpie
of sample -] mgo
material -4

—— Pumping
/

i

FIG. 2.1 Schematic representation of thermal evaporal
with substrate heating.

In this thesis by this evaporator we prepatedkt films (Film-A : 1.9 ElmBthick,
250 nm thick) of GdThe evaporation has been damequartz substrate at imbarat
temperature 450C. After that FilmA and FilmB was annealed at 58D for 9 hours

and 4 hours at 1 mbar of continuosflow. Due to different annealing time average

grain size of the samples were also different with the value 105 nm-A&fiand 35 nm
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(Film-B). The Ag and Au/Cr electrical contact pads were also prepared by thermal
evaporation.

2.1.2.Electron beam evapration
For this kind of evaporation\gery high vacuum chamber is needed. High melting point
sample can also be prepared by this method. The ingot of the sample is placed in a
crucible of ALO; or Graphite and using a magnetic field an electron beam is focused on
the ingot. Due to the high energy electron beam the material is melted and evaporated.
This evaporated material then deposited on a substrate which is placed at a distance just
above tle crucible. The crucible is placed on a water cooled holder. The high vacuum
and ultra high vacuum is created by Turbo molecular pump (TMP) and lon Gauge pump
(IGP) at a pressure levis1 10° mbar.

Vacuum
Substrate chamber
heater I — =
Sample
Substrate — | = o
| Electron
Evaporation D
of sample M ti
material ?gr;s i
ie
Water supply == direction
Cruc1ble
Water cooled / L
holder \ ——> Pumping

Filament

FIG. 2.2 Schematic representation of electron be
evaporation with substrate heating.

In this thesighin film (thickness ~ 40 nm) of Gd was prepamdquartz substratey
electron beam evaporator at a base temperatufeC350he evaporation rate was 0.05
nm/s. After that a 3 nm Au film was evaporated on the Gd film to protect it from the
oxidation. The base pressure of the chamber+#xs10® mbar.

2.1.3.Integrated lithography technique
On guartz substrate preparation of gapality Gd film is possible at a temperature >
200°C [1, 2]. Since electron beam lithography (EBtesist PMMAis burnedabove
15°C, by EBL making of nanowire (NW) andanoconstriction (NC) of Gd is
impossible. To make Gd NW and N avoidedthe conventional photo or electron
beam lithography and followed an integrated lithography technique.
In this process we first by thermal or electron beam evaporation prepared Gd film on
qguartz substrate. Then the film was covered by photo resist SW&. that we did
photo lithography in such a way that only a rectangular strip on the film was covered by
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SU8. Then the total sample was immersed into 5 % HCI solution. The bare open surface
of the metal Gd was etched out by acid. Only the rectangulaastgowas protected by

SU8 from the acid. Thereafter by photo resist remover SU8 was removed from the
rectangular surface and a rectangular strip of Gd was prepared on the quartz substrate.
Then by Focused lon Beam (FIB) milling process NW and NC was igemmn the
rectangular strip of Gd.

Film Covered Using
on [—>| byphoto |—>| photolithography
Quartz resist SU8 only a rectangular
strip was covered
Except the k) ?mmersed ¢ by SUS
rectangular in 5% HCl
strip Gd -
S Using Focused Ion Beam (FIB)
- —> NW and NC was prepared on the
strip

FIG. 2.3.(a) Flowchart of the integrated lithography root
NW and NC preparation. SEM image of the Gd (b) NW ¢
(c) NC is prepared by this process.

Dual beam FIB is a compound system by which one can do multiple works like

imaging by electron or ion source, milling by ion source, contact pad preparation by Pt
deposition, nanostructure transplantation from one place to another place by Omni
probe andrEM sample preparation. In FIB Ga ion is used as an ion source.

2.1.4.Electrical contact pad preparation
On the NW and NC samples the electrical contact pads were made by electron and lon
beam lithography techniques. The bigger contact pads were prepared by direct
evaporation of metal through a Si maskis mask was made by etching of Si wafer by
the Reactie lon etching using Sfgas and a litho mask. In this process we achieved a
precision distance of 58m between two pad#t first a pattern was prepared on the Si
wafer by photolithography. Here SU8 resist was usdten the open portion was
plasma etche completely through the wafer using an STS 100 inductively coupled
plasma etcher with a gas mixture ofs&k.Si was etched out by $&nd a multipadded
hard mask of Si wafer was prepared in this way. Direct evaporation of Ag or Au/Cr has
been done for mking contact pads. In case of Au/Cr evaporation first Cr of thicknress 3
5 nm was evaporated and then 50 nm Au was evaporated. Only Au does not stick very
well on quartz or Si substrate.
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FIG. 2.4 SEM image of theAg pad on quadabstrate prepared b
direct evaporation through Si hard mask.

The next step was electron beam lithography. In this process the substrate with sample
and bigger contact pads was covered with electron beam resist Polymethyl Methacrylate
(PMMA). The resst coating has been done by a spin coater. First PAN8BIZK was
spin coatedcht 2900 rpm for 40 s. Then it was baked at AB@or 1.5 min. After that the
sample was spin coated again by PMiB0Ok at 6000 rpm for 40 s. Then it was baked
again at 120C for 90 min.Double resist coating is needed for undercutting by which
the success rate of the process increases (see FIG. 2.5). After preparing the resist coated
substrate with sample was put inside a Scanning Electron Microscope (SEM) and a
patterned was wtitn by electron beam on the resist. This written portion was washed
out by 3:1 Methyl Iseébutyl Ketone (MIBK): Iso-profile Alcohol (IPA) solution. Then
metal evaporation has been done and the pattern was developed by Acetone.

Electron beam
PMMA 950k '
180°C,
PMMA 350k 1 5 min 90 min
- -
MIBK:IPA
(3:1)

Metal

l e Undercutting
A‘ ——

* ——
Acetone ¢
deposition

by thermal

evaporation

FIG. 2.5 Schematic diagim of electron beam lithography process

lon beam lithography is a special case. When the abrupt height differences in the upper
plane of the substrate goeesent (present in ion beam prepared sample), simple electron
beam lithography makes discontinuous contact pads. In ion beam deposition metal does
not deposited directly. Here high energy ions are bombarded on the substrate/sample
and secondary electrorsre generated. During this process the precursor gas of
methylcyclopentadienyl platinum trimethyl (@B(CHsCsH,) Ptwhich is focused at the
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desired position is broken by this high energy” Gms and metal is isotropically
deposited with amorphous C. Séndn this case the metal ions are deposited
isotropically, the problem in electron beam deposition is solved here (see FIG. 2.6).
Also the metal which is deposited by ion beam has high resistance. Therefore it is very
effective in voltage lead preparation.

Precursor
Met. eer
etal deposition in Ten o gas
electron beam
lithography Metal
deposition Pt-C

composite

iy

(a) s =% RS g Tl (b)

Height
differences in
the substrate

surface

Sample

FIB deposited
Pt voltage
leads

i |
20 pm
FIG. 2.6 Schematic diagram of (a) electron beam lithography m
deposition and (b) lon beam deposited Pt deposition on a substrate
abrupt height differences on the surface. (c) SEM image of FIB depc
Pt voltage leads whichre connected on Gd nanoconstriction sample.

In FIB system we have deposited Pt to make electrical contact pads at 30 kV voltage
and 28 pA current. In this condition the resistance of the FIB deposited Pt metal
becomes minimum. The resistance ofstimetal highly depends on the deposition
condition. It is basically a composite of Pt and C. Details of thi§ Bbmposite nano
leads is discussed in ppndix-A.

2.1.5.Arc furnace
Arc furnacethat has been used consistsathamber where in presence of ingas
(Ar) electric arc ixreated to melt the metals and thus prep#ogs from metal ingots.
At first the chamber is pumped down @mpressure < 10 mbar. Thenthe inert gas,
generally Ar, is introducethto the charber. Two Tungsten tip rods apeesent inside
the chamber and the rods are connected with a high voltage power supply. These rods
are electrodes. Metal ingots are placed above a Cu plate which is the crucible. A water
supply is present to cool the crucible. When power is applied arigbshef the rods are
brought very close to each other, due to the presence ahfards created between the
sharp tip of therods This arc is used to melt the metal ingots. By the mixing of melted
metak thealloy is formed. The homogeneity of thikog is increased by repeating the
processes.
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Power
supply
Ar —>
= —_ Tungsten
H
Sample — &
lump
:> Pumping
—_—
R
Water
supply

FIG. 2.7.Schematic diagram of an arc furnace.

2.1.6.Electrodeposition
Electrodeposition which is widely used is a very well established simple low coast
technique by which long parallel metal and alloy nanowire can be preparedasilyy
using a templatd3].In a simple process two conducting plate is poured inside an
eledrolyte solution and the plates are connected with a battery of different polarity.
Metal ions M) are deposited on the cathode plate (negative polarity) and neutralized
by taking electrons. In case of mixed salt electrolyte different kind of metalaiens
presentsNI;"™, M,™™, M3"Petc.) and they are simultaneously deposited for a particular

potenti al di fference bet ween t he pl at es.
electrodeposition first quantified the amount of depositing material
0.
a = = 21
3 (2.1)

, WhereE is the equivalent weight is the Faraday number 96485 a@ds the total
deposited charge.

Two kinds of deposition techniques are present. One is Galvanostatic and anether

is Potentiostatic. In Galvanostatic electrodeposition a constant current is passing
between the electrodes inside the electrolyte. The deposition occurs at an optimum
current.

In Potentiostatic electrodepositionan additional electrode which is ¢akereference
electrode is used in the electrolytic ddl]. This is called three electrode system where

the electrodes are counter electrode (CE), working electrode (WE) and reference
electrode (RE). In two electrode system simultaneously current messrevith
maintaining constant potential is extremely difficult. To solve this problem, the role of
supplying electrons and referencing potential has been divided between two separate
electrodes. The RE is a half cell with a known reduction potentianlisrole is to act

as reference in measuring and controlling the working electrodes potential and any
current does not pass through it. The CE passes all the current needed to balance the
current observed at the working electrode. The deposition occarsoaistant potential

of the working electrode with respect to the reference electrode. Potentiostatic
deposition is widely used in nanowire preparation.

Commercially available Anodic Aluminium Oxide (AAQO) templates are used here.
AAO templates have narahannels of length 50 um. The template which was used here
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has a pore diameter 100 nm and pores are uniformly distributed. One side of AAO has
been coated with metal by thermal evaporation. This metal coated AAO was used as
WE. Calomel electrode (Hg/HGl,) was used for RE and Platinum plate was for CE.

Plastic
tape

—
J pm Metal coated| coated WE €<——CE

e Template Template
(a) Electrolyte ——— \— RE

b
(b) (©

FIG. 2.8 (a) SEM image of the top view of an AAO. (b) Scheme
diagram of metal coating on a template. (c) Schematic diagram of nan
preparation by three electrode systectrodeposition method.

In case of GglsCoyealloy nanowire preparation one side Ag coated AAO template of
100 nm pore diameter was used as a working electfdaeelectrolyte contained 0.2 M
GdCk,7H,0; 0.2 M CoSQ5H,0 and 0.3 M HBO..

After preparing the electrolyte cell cyclic voltammetGV) is the method by which one

can find out the actual reduction potentlialcyclic voltammetry, the electrode potential
ramps linearly versus time. This ramping is known as the experiment's scan/sate (V
The potential is measured between the reference electrode and the working electrode
and the current is measured between the working electrode and the counter electrode.
This data is then plotted as current (i) vs. potentialT{i®.forward scan prodes a
current peak for any analytes that can be reduced (or oxidized depending on the initial
scan direction) through the range of the potential scanned. The current will increase as
the potential reaches the reduction potential of the analyte, but theroffabs the
concentration of the analyte is depleted close to the electrode surface.réfdthe
couple is reversiblehe applied potential is reversed ahavill reach the potential that

will reoxidize the product formeih the first reduction reacn. Thisproduces a current

of reverse poldty from the forward scan. Thexidation peak will usually have a similar
shape to the reduction peditom the CV data the oxidation potential@d, ,Coy gnano

wire preparation was found out aR.5 V.

After finding the oxidation potential nano wire could be prepared by DC electrolysis or
Pulsed electrolysis.

DC electrolysis: In this case a constant potential is applied at the cathode. Generally
oxidation potential is used as a constant potential here. Atwhen the potential is
applied, the current at CE becomes very high due to the double layer at the surface of
cathode (WE). The current decreases rapidly and after few times later again increases.
This increase of current indicates to fill up the nano obkn When the channels are
completely filled, the current becomes saturated. In our work for 100 nm GdCo NW
preparation at 2.5 V DC bias overgrowths had been started after 90 s.

Pulsed electrolysis:Using DC electrolysis, preparation of nano wire with dimension
bellow 100 nm is very difficult. Positive ion clouds are generated inside the nano
channels. These clouds oppose the positive ions to reach the cathode. lon clouds are not
generated in case plilsed electrolysis. Here a pulsed potential is applied at the cathode
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(WE). Oxidation potential is used for the negative pulse height. Cloud generation
depends on the pulse width. In between two negative pulses one can use a small positive
pulse to creata good quality single crystalline wire. For very low mobility ions, the

rate of deposition is very slow and the current pulse height is also small. But slow
deposition increases the quality of the wires. A small positive potential can be applied to
reducesome ions from the deposited material and to avoid the ion cloud generation.
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2.2 Characterization
(a) X-ray diffractometer (XRD)
The crystal structure of the samples has been decided by XRiayXs an
electromagnetic wave and it is scattered by atoms sitting in parallel planes in the
crystal. If X-ray of wavelengthe-falls into a crystal, it reflects and detect by a
detector. Accordg t o t he Bragds | aw,
2Qsin— &_ (2.2)
, Whered is the distance between two parallel atomic pladés.the angle between
incident X-ray and the atomic planesis an integer number. We have used Gui K
radiation of wavelength= 0.15418 nm.
Xray diffraction measurements havybe been
In this system the sample remains fixed. Thea)tube and detector both are rotated
with anangled. In this thesis work we basically measured XRD of bulk ingots, thin
and thick films on quartz substrate and nanowires inside AAO template.is an
example of the XRD pattern of bulk Gd and GdCo alloy (see FIG. 2.10). Gd has a
hexagonal crystatructure. Our sample was polycrystalline where (0002) orientation
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showed maximum intensity. Again bulk GdCo alloy has an amorphous structure and
there has no XRD peak.

] \ i
\ / 02}
Xetny tabe Detector _z :: u
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06| opoo
0

——————— 20 02}

(a) (b) i

FIG. 2.10 (a) Schematic representation of XRD systémNormalized
XRD (/119 of bulk Gd and GdCo alloyy,.«is the maximum intensity.

(b) Atomic Force Microscope (AFM)
In this thesis the surface morphology and the thickness of a film was determined by
AFM [6]. In AFM a cantilever with a sharp tip probe (nanometer order) moves on
the surface of the film and according to the roughness of the film the cantilever tip
gets up and down. A laser light is projected on the head of the tip. According to the
roughness of the surface of a film the positiothef reflected laser light is changed.
This position change is detected by a detector which is connected with the cantilever
through a feedback electronic circuit. The force between the probe and the surface of
the sample is determined here. AFM is basjcalscanning probe microscope which
has two different imaging modes. One is contact mode and another one is non
contact mode or tapping mode.
The grain size at the surface of our Gd film samples was determined by AFM. The
thick Gdfilm (thickness ~ 1.4m) sample has elongated grains with average grain
sizes ~ 128 nm (along length) and ~ 80 nm (along wig¢ FIG. 2.1(b)).Using
AFM we also measured the thickness of our Gd thin film sample which has been
prepared by electron beam evaporator. The medgshickness was ~ 40 nm.

Photo detector
and Feedback
circuit Laser source

(b)

Feedback

Cantilever

(a)

Sample surface

= 1§

2 a4 6 8 10 12 14 pm

20 pm

(c)

FIG. 2.11 (a) Schematic representation of AFM. (b) AFM image of
surface of Gd film. (c) Gd film thickness determination by AFM.
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(c) Electron microscope
There are two kind of electron microscope whichused. One is Scanning Electron
Microscope (SEM) and another one is Transmission Electron Microscope (TEM).
Due to a high energy electron bombardment a sample produces Secondary electrons,
Backscattered electrons, Auger electrons, Transmission electramactehistics X
ray, Continuum Xray and Cathodoluminescence.
Scanning Electron Microscope (SEM):In SEM a high energy electron beam is
thermionically emitted from an electron gun. The filament of the emitter is basically
made by tungsten which has high ltimg point and low vapour pressure. The
emitted electron beam has energy up to 30 keV and it is focused by one or two
condenser lenses within a spot of range 0.5 nm to 5 nm diameter. In the sample the
primary electrons (PE) due to random scattering losgy and trapped within a
teardrop shape volume. The volume depth could an5from the surface. For
random inelastic collision of the PEs with the surface atoms of the sample from the
k-shell of the atoms Secondary electrons (SEpareratedThese lav energy (< 50
eV) SEs are collected by a detector for imaging. To prevent charging of non
conducting specimen the sample is coated by Au or Pt.

In an atom to fill up the vacantdhell from higher shells (L, M, N etc.) electrons
are jumped into the-khell and released energy by electromagnetic radiation which
is basically Xray. This is called characteristic -0y which confirms the
composition inside the sample. By determining thisa}( through a mode called
Energy Dispersive Xay (EDX) spectroscopthe compositional analysis also can be
done in SEMIn all this process the sample is placed inside a high vacuum chamber
(< 10" mbar).

In our thesis work we used SEM to image the nanowire samples, film thickness
determination and compositional analybis EDX spectroscopy. SEM also used to
write pattern in electron beam lithography.

Higher CoL.
Electron PEg shell
Gun electron
Condenser ~FPEbeam
lens

Objective
lens

* SE
% 4 % detector

> —
(a) m.;\ X-ray
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FIG. 2.12 (a) Schematic diagram of the mechanism of SEM. (b) Schen
diagram of SE and Xay generation by PEom an atom(c) EDX spectrum
of GdCo alloy nanowire(d) Cross sectional SEM image to find out t
thickness of Gd film. (e) SEM image GdCo nanowire.
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Transmission Electron Microscope (TEM):

In TEM the mechanism is nearly similar with SEM but the signal detection process
and sample mounting has a difference. Here the PE beam has been generated by
thermionicor field emission method and it has a maximum energy nearly or above
100 keV. The samplis prepared as a thin specimen or naoparticle/nanowire which
is placed on a thin carbon coated Cu grid. High energy electrons are transmitted
through the sample and the transmission electrons (TE) are detected by a detector. In
this system by adjustindi¢ magnetic lenses from the electrons which have been
done elastic scattering diffraction pattern can be generated. For thin single crystalline
samples this produces a pattern of dots and rings for polycrystalline and amorphous
samples. This result providethe information about the crystal structure of the
sample. The EDX spectrum of the sample can also be generated in TEM.

| Electron
Gun

Condenser FPEbeam

lens
Condenser
lens
—
Sample P o

X-ray
| detector A 1/ nm
detector . (a)

FIG. 2.13 (a) Schematic diagram of the mechanism of TEM. (b) Tt
image of GdCo nanowire. (c) Selected Area Diffraction (SAD)GoCo

In our thesis work we used TEM to image ~ 100 nm diameter GdCo nanowire. To
understand the crystal structure we also determined the Selected Area Diffraction
(SAD) pattern of that nanowire sample. Due to the wave like nature of eledism

it passes through a crystalline sample, it behaves that it passes through a 3
dimensional grating and it is diffracted.

2.3.Physical measurements

2.3.1.Magnetization measurement

(a) Vibrating sample magnetometer (VSM)
The magnetization 1) measurement withespect to the applied fieldH} and
temperatureT) can be measured very well B§brating sample magnetometer
(VSM). The working principle of VSM is based on the Faraday law of
induction. Here the sample is vibrated inside a fixed magnetic field using a
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drive that moveghe sample in a sinusoidal motion and an AC voltage is
induced across the pickup coil. Induced voltagg, = T ¢ /T 0. The magnetic

flux across the pickup coil is. This voltage is detected by a Lock in amplifier
and from that voltge M is also calculated7].The uniform magnetic field
around the sample is produced by a Helmholtz coil. The resolution of VSM is
10° emu.

Sample stick

104
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= Film-A
=—Film-B

IZ(t) = Zysin(wt)

0.5
Electromagnet

Pickup coil »
= 0.0
=
T=80K
2 -0.5 ) '
<Y
§ K -1.0 1 | t
D s 1.4 0.7 0.0 0.7 1.4

(b) nH (Tesla)

FIG. 2.14 (a) Schematic diagram of the VSM. @) "Oloop of Gd

samples at 80 K. The magnetization is normalizetlgyM at 1.6 T).

The samples are bulk ingot (Bulk) and two films of grain size 105

(Film-A), 35 nm (FilmB).
Here we used a commercial VSM which has a temperature range from 80 K to
1250 K and field range up to 1.6 T. We measuredependent magnetization
curve ord  "Oloop of our samples at different temperatures. In this thesis we
also used VSM to measure the field cooled (FC) and zero field cooled (ZFC)
temperature dependent magnetization of the samples.FIG. 2.14(b) shows that
the coercive fieldHc of the small graiad Gd sample is larger than the bulk
sample.

(b) SQUID magnetometer
Superconducting quantum interference device or SQUID is an ultra sensitive
magnetometer with a resolution ®® 8emu. The basic principal of SQUID is
based on superconducting loops contairiagephson junctions. There are two
kinds of SQUID which are DC and RF SQUID. DC SQUID is more sensitive
than RF SQUID. Today it is used in various magnetic characterizations. AC
susceptibility can also be performed in SQUID. Since here superconducting
magnet is used, the range of maximum applied field is very high (> 5 T).
In this thesis by this magnetometer we meastred™Oloop of Gd samples at
low temperatures (1020 K). The FC and ZFC curve also measured within a
temperature range 330 K at a magnet field of 0.01 T. Result showed that the
Gd samples are ferromagnetic with around 300 K or room temperature. The
samples (especially small grained film samples) also showed a low temperature
transition around 20 K (FIG. 2.15).
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FIG. 2.15 FC and ZFC curve of Gd samples at a field 0.01 T. -
samples are bulk ingot (Bulk) and two films of grain size 105 nm ¢Fi
A), 35 nm (FilmB).

The AC susceptibility of that samples were measured umsintgal inductance
bridge in three diferent frequencies (17, 170 and 1202 Hd£)AC field (0.4

mT) and in the presence of three different DC bias fields (0, 0.01 and 0.1 T).
The low temperature transition is clearly observed in AC susceptibility result
(see FIG. 5.6).

2.3.2.Electrical resistancemeasurement
All electrical resistancemeasurements have been done using collinear four probe
method. We used a higirecision resistance measurement using a low frequency AC
technique with a Lockn amplifier SR 830(LIA) and a low noise transformesre-
amplifier (PA) with a gain of 100.Four electrical contact pads were collinearly
connected with the samples. The outer side pads were for currenttéad$ &nd the
inner side pads were for voltage lead¥ (-V). An AC currentl,. was generated by
LIA and was passed through a high resistdRg¢émore than 100 times from the sample
resistance) to maintain a constant AC current inside the circuit. Due to the padsing of
through the sample an AC voltayg. was developed across the voltage padss Vi
was then amplifies by a transformer preamplifier (PA) (only for small resistance
sample) and detected again by the same LIA. To find the actual valuahaf voltage
Vg acrossRy was measured by another LIA or by a digital multimeter (DMM).Bbth t
LIAs were synchronizeavith each other. The AC current was defined a5 Vr/Rs.
Where Vr was the amplitude of the AC voltage developed acigssThe sample
resistanceRr was defined af = V,/l,.. Here alsoV,. was the amplitude of the AC
voltage across the sample voltage leads and 1V. For phase sensitive detection
technique a frequency of 173 Hz was used.
From the measured resistariRethe resistivity of the sample was definedjby = .RA/ L
WhereA was the cross sectional area of the santpleas the distance betweel and
TV pads on the sample.
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FIG. 2.16 Schematic diagram of low temperature AC resista
measurement technique. LIA = Loak amplifier, PA = Transformer
Preamplifier.

A pulsed tube Helium cryostd8, 9 was used for measurement in the temperature
range of 4 K330K. This type of cryostat does not have any moving part and therefore it
has a noise free operation which helps us to measure very low resistance. The sample
was mounted at the cold head where a heater and a Cernox thermometer were also
attached. By sensinpé temperature through the thermometer the heater was controlled
by a temperature controller ITC 503. Cu wires were used for current and voltage
measurements. The wires were connected with the contact pads of the sample by Silver
paste. The experiment wasitomated by computer programming through the GPIB
cables which were connected to the instruments. The computer programme has been
written in LabVIEW software.

2.3.3.Magnetoresistance (MR) measurement
The change of electrical resistance of a sample due tapplécation of a magnetic
field is called the magnetoresistance (MR). It can be defined as,
Y(6=0) YO,
Y('O= 0)
, whereR(H = 0) is the resistance at zero magnetic fteld 0 andR(H) is the resisince
at a magnetic fieldH. The MR measurement can be done in two ways, one by
temperature ramping and another one is isothermal MR measurement. Since the MR%

0 Y% =

100 (2.3)
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of our Gd samples is small enough (~ 1% or less at a field 0.2 T) we used isothermal
measuremertechnique.
(a) Low field MR
In case of théow field magnetoresistanc®R) measurement, a liquid nitrogen
bath type cryostat with a copper wire air core solenoid was uUBe€.
measurement of MR was done up to a field of 0.2 T.

0.04
1=04A

Vipq (VOIt)

(b)

t(sec)
0.2

(c)
solenoidal
magnet

0.0

1(A)

FIG. 2.17 (a) Flux meter and air core solenoidal magnet.\{fy vs. t
plot for a current 0.4 A. (d)dependenB curve.

The magnet was calibrated by a flux meter. The flux meter was nothing just a
solenoid which was connected with a digital multimeter (DMM). It was placed
inside the air core solenoid magnet and the overall system was put inside a
liquid nitrogen bath. Thevorking principal of the flux meter follows Faraday
Laws of induction.

o te 10

Wyq = oo UOT_(‘) (2.4)

~

S
0= EO Wy D (2.5)
, Wherel is the magneticldix which is created due to the magnetic inducBon
of the magnetN is the number of turns of the copper wire on the flux meter.
Ving IS the induced voltage across the flux meter. When a DC curremats
suddenly passed through the magnet a time dependent magnetig(fjelds
generated and increases with time. Due to the change of magnetic field a
voltage was induced across the flux meter. The experimental timeTwas
Therefore the area under theeV,4zt shows the value of magnetic induction
B for the current. B was different for different values éfand from theB |
curve the calibrated relation was establisheB a€0.036x |.
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FIG. 2.18 (a) Setup for measuring thew field MR. (b) Screenshot o

the MR measurement program in LabVIEW during the measureme
the MR of Gd bulk sample at 235 K.

I}

The sample was mounted at the top end of a dip stick. Then the dip stick was
poured inside a cylindrical vacuum chamber. The chamber with the stick was
put inside an air core solenoidal magnet in such a way that the sample position
was at the middle ohe solenoid. Then the total system was put inside a liquid

nitrogen bath. To protect the loss of liquid nitrogen the bath wall was made
vacuum shielded.
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To measure the resistance change of the samplesed the AC low frequency
resistancemeasurement technique which was rigorously discussed in the
previous section. Here again we used two LIA, one PA and a high resistance
which was connected in series with the circuit. The MR measurement has been
done with aresolutionof £ 1 ppm. Toreducethe noise level the complete
experiment has been done inside an electromagnetic wave shielded cage. DC
power supply of Agilent was the source of a constant DC current which was
passed through the magnet and create a constant magnetic field. A helium (He)
bladder was attached with the chamber of dip stick. To reach the sample near
liquid nitrogen temperature (< 90 K) He gas was passed inside the sample
chamber to make good thermal contact. The desired temperature of the sample
was controlled by a temperatuntroller of Lakeshore. The maximum
temperature fluctuation during the experiment w@s02K. Pt100 was used as

a temperature sensor. A heater was placed at the top end of the dip stick which
was made by Nichrome wire. The instruments were connected with the
computer by GPIB cables. All the experiments were controlled by computer
programming whih was written in LabVIEW softwarelhis technique has

been followed throughout the thesis work for all the samples to measure the low
field MR.

(b) High field MR
The low temperature (below 80 K) and high field MRhe samplebave been
measured by a supemducting magnet up to a field of 9 T.

He gas
Compressor

Magnet
controller

Sample mount

Superconducting | 3|
magnet L
inside the

cryostat @

FIG. 2.19 (a) Setup for measuring the high field MR by
superconducting magnet. (b) Field dependent MR of bulk Gd sample

The sample was mounted on the top of a sample stick which was then put
inside a cryostat in such a way that the sample was at the middle of a solenoidal
superconducting magnetdere the wire of the solenoid was made by
superconducting material. The sampéenperature was cooled by a He gas
compressor. By a heater and a temperature sensor which was put beside the
sample a Lakeshore temperature controller controlled the temperature of the
sample. The field range of the magnet wasI® T. The experiment hdseen

done with a ramp rate of field 0.02 T/s. All the field dependent MR
measurements have been isothermally done. The maximum temperature
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fluctuation within a complete field ramp experiment was0.07 K. The
measurements have been done within a temperatinge 15 40 K. The
instruments were connected with the computer by GPIB cables and the data
were automatically read by a C++ program.
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CHAPTER 3

Magnetoresistance of polycrystalline Gadolinium with varying
grain size

In this chapter, we report a study of evolution of low field magnetoresistance (MR) of Gadolinium as
thegrainsi ze in the sample is changed from few micr
nm). The | ow field MR has a clear effect on var
magnetic domains are controlled by local anisotropy field determimedinly by the
magnetocrystalline anisotropy. The low field MR clearly reflects the temperature dependence of the
magnetocrystalline anisotropy. For decreasing gain size, the contribution of spin disorder at the grain
boundary increases and enhances thallanisotropy field.
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3.3.1.Introduction
In recent years, investigation of magnetism in Gadolinium (Gd), in particular,
polycrystalline, and nanostructured @Gds attracted renewed attent{dr6].The resurgence
in the investigations on magnetic properties of Gd arises from the possibility of utilizing the
rather high magnetic moment (and high saturation magnetization) in multilayer thin film
applications[7] and also understanding basic physics in @&aameith localized moments.
Some of the recent magnetic studies focus on nanostructured samples with grain size in the
domain of few tens of nm. The main motivation appears to be the fact that Gd is a new
nanomagnetic system where the FM state arises @&drions with wellocalized spin only
moment in contrast to the magnetism in more itinerant conventional 3d ferromagnetic
materials. Magnetoresistance (MR) of 3d ferromagentic materials has been a well researched
topic for many years and particularly incemt times; the application related issues have
made it a very active field of resear@j. In comparison, however, investigation of the MR
of 4f ferromagentic metals like Gd has not attracted much attention. There are some classic
reports of MR of Gd sigle crystals that show its essential differences with 3d metals (like
Ni, Co, and Fe]9,10]. These investigations, however, were done at a time when the spin
structure of Gd was not well investigated and interesting features like spin reorientation (SR)
transition were not discovered or well understood. The SR transition in Gd occurs at a well
defined temperaturdsg ~ 235K which is very unique because the magnetocrystalline
anisotropyY Oat Tsd11].This feature is not seen in most (if not no otHeryfomagnetic
materials. Gd has a hexagonal closed pack (hcp) structure and ferromagnetic Currie
temperatureTc) = 292.77 K[12]. In Gd, the easy direction of magnetization makes an angle
d with the crystallographic -exis. The angled changes with tempature in a complex
manner because the magnetocrystalline anisotropy ergydpnd the constantk € is
strongly dependent o [13]. A theory of the temperature dependence of the easy axis of
magnetization in aGd has been proposed receinjfly]. Gd, in addition to the paréerro
transition atT¢, has two other important temperatures related to the spin configurations,
namely, the SR transitioifisg and the temperaturé* where d becomes maximum. In
samples with average grain size35 nm, the effect omagnetocrystalline anisotropy is
expected to take predominance. Very recent neutron scattering $ijdiesnanocrystalline
Gd powders found that while the angfén polycrystalline samples with large grains (size
(D) > few >m) follows the temperatureegendence as seen in single crystals, for samples
with a characteristic grain siz®§) O38 nm,d has a temperature independent valus(P.
The similar result has been observed by the magnetization study of hanocry&waiirrech
clearly showed the rek of intragrain and grain boundary (GB)/interfacial magnetic
anisotropie$3].
The present investigation reports precision low field MR measurements in polycrystalline
Gd with grain sizes varying from few microns down to few tens of nanometers. The MR
experiments were carried out at low fieldsH O0.2 T), so that contributions to MR by the
magnetic domains can be seen. The primary motivation is to study the effect of size
reduction on such phenomena like spin reorientation transition and magnettrapy as
revealed through low field magnetotransport. Also, this work shows how the contribution to
MR from domain wall and magnetic spins change with varying grain sizes.

3.2 Sample preparation
The measurements are done on polycrystalline samplesl ofitB purity & 99.9%. Three
samples were studied in detail (see Tdblg. One sample ia bulkpolycrystalline sample
( A B u ITHe @ylk. sample (length = 2.2 mm, width = 0.67 mm, and thickness = 0.25 mm)
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was annealed at 850 °C for 24 h in 1 mbar ofAd then cooled down to room temperature
with a slow cooling rate ~ 1.5 K/mirDther two samplegre films of thicknes4900nm
(Film-A) and 250 nm (FilrB) (see FIG. 3.1)

1900 nm'

2um

FIG. 31. Cross sectional SEM images of the film

The films were made from the same starting ingot as the &utkple. They were made by
evaporation in a turbpumped chamber at a base pressure of better thamid&r on Quartz
substrates at temperature of £8D The thickness of the film was controllby varying the
time of evaporation. After deposition, the films were annealed at temperatufRC 5001
mbar of continuous Ar flow. The FillA annealed for 9 h, has larger grains compared to
thoseof Film-B annealed for 4 h.

3.3 Characterization and measurement technique
3.3.1 Grain size analysis by AFM and SEM

The micro/nanestructureof the filmswere characterized by Atomic Force Microscope
(AFM). Estimated grain morphologies and the grain sizes in the samples obtained from
AFM are summariz# in Table3.1.For the bulk samplegrain sizes are calculated from

the Scanning Electron Microscope (SEM) images thedaverage grain size a4 >m

(FIG. 3.2(a).

Representative data for miestructures of the two films amsoshown inFIG.3.2

There are clear differences in the grain morphologies as well as the average grain sizes.
Film-B is a compact collection of nearly spherical grains with averageasgfe nm.

This can be seen in the AFM image for FBr(seeFIG. 3.2(b). In Film-A, the averge

grain size is much larger with compact collection of long grains with average aspect
ratio~ 1.58 (sed-1G. 3.2(b). The AFM images taken on the surface show long grains
where theaverage lengtland diameters ardy & 128 nmanddy & 81 nm.Now if we
consider the grains are spherical, the mean grain size becomes &y / 2 & 105
The mean grain sizes were found by the fitting of -bogmal function with the grain

size distribution (see FIG. 3.1(c)). Logrmal distribution is:

Qb = OQJJ] T (31)

, whereA is a constant(l is the standard deviation ag, is the mean value of or

grain size.

The three samples studied have distinctly different micro/nanostructures, grain
morphologies with average grain sizes that differ by nearly one order in each of the
samples. We will sedater that these differences in micro/nanostructures have
gualitativeimpactson the low field MR.
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FIG. 3.2.(a) SEM image of crystallites of the Bulk sample. (b) AFM images of
films. The scale of AFM i mages i sA
and FilmB. In Film-A, the length andwidth of a crystallographic grain ar
denoted byd,) and @), whered(+) andd( ) indicate the limits of distributior
as obtained from histogram.

3.3.2 Crystal structure analysis by XRD
FIG. 3.3(a) shows th¥RD pattern of the three samples. Data has been compared with
the standard polycrystallinéd powder pattern (ICDD data base, Ref. code002

0864).
15
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(111) Film-B \°
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FIG. 33. (a) XRD data of three differeamples. fcc phase is indicate
by arrows. (b) Grain siz€d) dependent fcc phase volume% of t
samples.

Thin film growth generally favours the perpendicular direction and grains are columnar
near the substrate surfaldé] but due to the large thickness of the films (250 nm and
1900 nm), at the surface tife films grains are lying laterallirhis may be the reason of
maximum majority of the basal plane (101gp face which in contrast with the Bulk
where the majority phase isaxis (002)hcpface.All three samples have a finite (111)
fcc phase. To findbut the volume fraction of each phase the peaks were fitted by the
Gaussian function and the are&féce) under the curves were calculated for every
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XRD peaks.Therefore the volume fraction can be expressed as Volume % = 100
x [A(face)A(total)], where A(total) = A(100) + A(111) + A(002) + A(101)FIG. 3(b)
shows the Volume % ofcc (111) phase for different samples (FiBn Film-A and

Bulk) of different grain sizes (35 nm, 105 nm andm). Previous report§15,16
showed that th&c phase only present the seed layer of a thin film sample which has

a finite thickness and this thickness decreases with the increase of film thidkmess.

the reason of lower value &fc Volume % in FilmA (thick film) (~ 6 %)than FilmB

(~ 14 %) Though there is not any seed layer the amouftogihase is greater in Bulk

(~ 8 %) than FilmA. This implies that thdcc phase which is present in the defect
regions may increases due to the annealing at large tempers&@°C). The fcc
phase igparamagnetic or it has a small amount of constant magnetization throughout the
hcp ferromagnetic regionTherefore our magnetic results areeiflected by thisfcc
phase.Determination of the fcc phase fraction was done using methods described in
earlier pblications[17].
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FIG. 3.4.Williamson Hall plot of the Film samples.

The particle size of thBlm samples was calculated from the XRD data. Here we used
the method called Williamson Hall plf8] that can use for the samples of grain size in
the nanometer rang®! 100 nn). The Full width half maximum (FWHM) of the XRD
peaks are related with the particle sidegnd micro strain{ of the system as

(@ )di— 1 20—

—_— =t - (32)

_ Q _

,wheree= 0. 1518 nm i s t he diatheXRD pealgangte. Byf Cu
plotting (FWHM)X o /eb. & i /aafd fitting Eqn. 3.2 from the intercept abyis we

found the value odl for three different sapies (see FIG. 3.4).

Table 3.1. Comparison diied of film sampledinding from different methods.

Sample d (nm) d (nm)

AFM imaging Williamson Hall plot
Film-A 105 100
Film-B 35 37

Both the method shows nearly same value of particle size for the film samples (see
Table 3.1)
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3.3.3 Electrical measurements
All electrical measurements (including the MR measurements) have been done using
collinear four probe methodince the MR in these materials is ~1% or even less. We
used a higkprecision resistance measurement technique. The resistance and low field
MR measurement techniques are described at the sections 2.3.2 and 2.3.3(a).
For MR measurements, the sample waslemb down from 33K (> T¢) to a particular
value of T where the data need to be taken. Then the magnetic field is applied from zero
value and cycled following the sequence ®T0.2 TY 0.2 TY 0 T. During the
complete magnetic cycle, the temperatures iged at the desired value wathin 20
mK. After measuring a complete cycle, the sample was heated up again # 330
(greater thaT¢). It was then cooled again for a fresh field cycling data at another set of
temperature. This ensures that the samipledemagnetized before start of MR
measurement and there is no history of the previous magneticMiatshetic field was
applied in plane of the measuring current. Data were takerHyitrallel to currenfH
" }) or H perpendicular to curreiid U j).

3.4. Resistance measurement and analysis
The residual resistivity) ) of the Bulk sample has a value jof =10.5> mcm. This is a
factor of2 (3) more than the reportedalzis (caxis)} o for single crystal§19]. In the films,
the}, are large and they increase as the grain size is reducBdm-A, }o=68 . 8 €. cm
andin FilmB,1o=1 1 0 . 8. Verglargewalue of,in Film-B arises from its rather small
nanoscopic grainsin FIG. 3.5 we show the normalized temperature derivatives of the

resistivity = i% as a function ofl. For the bulk sample there is a clear change in slope
0

of the,,ig—:Yat Tc. This is similar to that observed in single crystal of GadR0]. This is a
0

hallmark of the critical scattering of electrons from the spin disorder that is seen in all
ferromagnetic materials like N21].
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FIG. 35. Temperature dependence of the normalized derivét%ovin
0
the vicinity of T¢ for the three samples studied.

The T¢ obtained by us frorﬁ—%{of the Bulk matches with single crystfd®] to within 0.5
0

K. In Table3.2, the value ofT¢ is compared with previous works. The clear featuré%
0

of the bulk sampléecomes progressively smeared out in Flrand FilmB and there is a
distinct shift of the temperature to lower value as the grain size decreases. This feature

52



Chapter 3

matches with the previously observed work by Michels eithland Ferdinand et aj22],
whereTc decreases with the grain size. Due to the finite size effedigcreases as the grain
size decreasg®3].The critical scattering akc, although much smeared out persists in the
films. It has been shown by our grotlmt the critical scattering persists in ferromagnetic
nanowires even when the diameter of the nanowire is reduced to nandi2gime

3.5 Magnetization measurement and analysis
TheM HandM T curves serve as the two important magnetiaracterizations for our
samples. Collages of the important magnetic data in alhtlee samples are shown in FIG.
3.6. The left panel shows! H curves taken at different temperatures with the bulk data at
the top and the FilmB data at bottom. The riglpanel shows th& T taken at a field of
0.01 T. The determination dt. was done using modified Arrott plf25,2g (see Appendix
2). The values of¢c are shown in Tabl8.1. For bulk and FilmA, T¢ values obtained from
Arrott plots and the resistivitglerivatives are close to within1.3 K. On reduction of grain
size, theT¢ decreases, as has been found also from the resistivity derivative data. However,
for Film-B, the T values obtained from both methods differ 6.7 K. Thisdifference
principally arisesdue to the problem in locatinig: properly from the smeared out derivative
in the nanostructrured film.

Table 3.2 Comparison of¢ of the samples studied with previous works.
Experimental technique Average grain size  Curie Temperature References

(€ m) (Tcin K)
Resistivity derivative 4 292.5 (Bulk) This work
0.128¢.), 0.081¢h) 288.9 (FilmA) This work
0.035 280.8 (FilmB) This work
Arrot plot [16] 4 291.4 (Bulk) This work
0.128¢.), 0.081¢h) 290.2 (FilmA) This work
0.035 286.5(Film-B) This work
Resistivity derivative Single crystal 293.2 [19]
AC susceptibility Single crystal 292.8 [12]
Calorimetric measuremeni 0.14 292 [6]
0.024 284
AC susceptibility 100 291.9 [22]
0.025 285.6
0.0095 252.4

TheM g data of the bulk samplghich wastaken at low field0.01 T)showthat theFC and

ZFC curves merge beloWw a Tsg This feature in th&1 Tcurves that can be associated with
the Tsrgets suppressed fegH > 0.1 T. It is noted that the spin reorientation transition is the
point where the magnetocrystalline anisotropy constént as a result if the applied field

is high, the spins will get aligned with applied field and features associated with the spin
reorientation transition that depends on the intrinsianisotropy field due to
magnetocrystalline anisotropy, will not be visible. This is also corroborated by our MR
measurements that have been done bel@TOwhich will be discussed later on in this
chapter.

In the film samples, th&1 Tcurves taken iFC and ZFC conditions at low field € Hc)

differ at low T and the features associated wiidx (unlike that in the bullsample) are not
seen.The manifestation of spin disorderapparent in the filmand it is accentuated in Fitm
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3

B. This corroborates recent magnetization data taken on polycrystalline and nanostructured
samples that extensive spin disorder exists in the grain boundary that-ighawsthe

magnetization2].
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FIG. 3.6 The magnetization data of the three samples. (a) The left panel <

the 0

"Odata at different temperatures. (b) The right panel shows theY

data taken at a field of 0.01 T. Zero Field Cooled (ZFC) and Field Cooled
data are shown, Due to umt@nty in film mass the magnetization data for t

films have been shown in emu only.

The coercive fieldsHc as a function ofT obtainedfrom the M H curves at different
temperatures are shown in FI&7. For the bulk sample, the coercive fieldass (€oHc < 5

mT). In theM H curve, there is approach to technical saturation beyond 1 T, although there
is clear sign of finite spin disorder even at high field.
The coercive field in the films are much larger, as expected in samples with reduced grain
sizes thatare expected to have spin disordered grain bound&tiegcreases on cooling.

The substantial hardening of thk strongly suggests enhancement of anisotropy energy or
pinning potential for the magnetic domains. Tein the FilmA is somewlat larger than

that in FilmB although the later one has smaller grain size. This is expected in many
magnetic materials where the enhancemenii0bn size reduction gets reversed when the
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size is reduced below the critical size for a single magnetic idoméh coherent
magnetization reversgP7]. The value ofegHc observed by us is of the same order but
somewhat larger than that seen in other nanostructured Gd[fiGhsThe enhancement of

the Hc on size reduction points to the fact that the intrinsic magnetocrystalline anisotropy no
longer plays any dominant role.
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FIG. 37. The variation of the coercive field: as a function ofl as obtained
fromthed  "Ocurves. (Note: The data fét. are in log scale.)

Although MR measurements at low field is the principal aim ofithisstigation the above
detailed structural and microstructural, electrical resistivity and magnetization data were
necessitated bythe fact that in polycrystalline samples, unlike single crystal, the
micro/nanostructures can vary from sample to sample and benchmarking the observed MR
data would need these characterizations.

3.6. Magnetoresistance measurement and analysis

3.6.1 Temperature dependence
The MR (change of resistance due to applied figdglf= J (H) 4 (H = 0)) as a function
of T measured at fieldpH = 0.15T are shown in FIG. 3.8r all the samples. Results
are shown for fieldH) parallel {) and perpendiculai) to the measuring curreny) (
direction. In all the three samples tipgis negative (i.e} (H) <} (H =0)). (Note that in
FIG. 3.8 data are plotted as ) to bring out the magnitude.) The qualitative
differences in thepdata for the three samples amemediately apparent. For the Bulk
sample, the magnitude a@p}is comparatively larger and as the grain sizes become
smaller the magnitude ap}is suppressed. The MR observed in the Bulk sample is
comparable to that reported in the single crystal of28H
For the Bulk sample, the'}- | (whereH ™ j) and $"y| (whereH U j), both rise on
cooling belowT: and show a very distinct and sharp peal at Tsg |3~ | shows a
distinct minimum atT & 183 K Tt |Aftessthe ntinona, it then rises again
showing the broad maxima &t~ 125K and on further coolinjg”’- | decreases. In case
of |3” y| there is no signature @ and belowTsrit decreases sharply with temperature.
The prominent and sharp peakTakis similar to that observed in the work of Hirakoa
and Suzuki29]. It is not, however, clear whether it is due to a phase transition type of
behaviour aflTsg where the magnetor yst al I i ne ani sotropy ene
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such a phase transition likebehaviour has been suggested from recent
magnetoimpedance measurement in strongly textured safples
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FIG. 3.8.Comparison of the resistivity changed’ (as a function ofl) of

three samples Bulk, FilPA and FilmB. Results are shown for both™ |

and H U j conditions with magnetic fielkegH = 0.15 T. Transition

temperaturesTgrandT*) are marked by arrows.
In Film-A, with intermediate grain size, these featurebsaand T* which have seen in
the Bulk sample also persist to some extent, although much suppressed and appear at
lower temperatures. Thp-| in low field shows the broad maxima at 210 K and
shdlow minima at ~ 165 K. On cooling to lowdr, [3- | increases agairi”’ y| has a
broad maximum around 220 and below that temperature it decreases with decreasing
temperature. For the nanostructured FBmgp§ rises sharply at and neBg (like Film-
A) but unlike other samples, the features seefsaaind T* are absent. It establishes
that in the nanostructured films with such small grain size, the magnetocrystalline
anisotropy within a crystallographic grain is not the dominant factor (Note: For the
existence of small but finite value of anisotropy endtdg, there is a finite value of
|op§ aboveTc that persists till 320 K.). Thep] rises very sharply ak is approached
from above. In the film samples thepj being small, the rise is more visible &sis
approachedAfter the initial rise neallc anda peak afl¢, |pj monotonically decreases
on cooling and reaches a small value till 250 K. Below that temperaturand a”
deviate from each other but both rise again somewhat as the sample is cooled further. At
low temperatures, the rise igp] occurs due to enhancement of the magnetization on
cooling. Due to the anisotropic magnessistance (AMR) and the LorerttR
contribution, the magnitude ef' y< 3~ for all the samples.

3.6.2 Field dependence

In FIG. 3.9 we show the field dependencewifor H™ j andH U j conditions at four
different temperatures. In the Bulk sample fr|| j condition, belowTc, the field
dependence ap jshows a clear two stage behaviour that develops beloW0.9

There is a reign of sharp rise in the magnitude aifjin a low field followed by an
almost linear field dependent region at higher field. This sharp two stage behaviour
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persists tillT & 150 K. Below 150 K, it shows more gradual field dependence. The field
dependence apjdoes not show any hysteresis. The two stage behaviour, as we would
discuss below, is related to the response of the magnetic domains to the applied field. In
case ofH U j condition the two stage behaviour develops belo@ 190 K. As the
temperature decreasep,} becomes saturated for small valuesegfi. The two stage
behaviour is not seen in either of the films. The high value of coercive fig)dr the

films leadsto a clear hysteresis i} under field cycling over certain temperature
region. In both the films, at low the butterfly pattern igpjvs. €oH curve can be seen.

For FilmB, the hysteresis effect becomes maximum with minimum valugsjaf T =

190 K andH U j condition.

0.0 00
83K
04 282k 0.3} 2K
K 190K
038 190K | 06
= H j 235K
H Il i

Ap (p2.cmM)

FIG. 39. Comparison of the resistivity changk (as a function oH)
of three samples Bulk, FikA and FilmB. Results are shown for fou
different temperatures.

The two stage behaviour seen in the MR of the Bulk can be better observed in the field

derivatives% taken at different fields and at different temperatures. This is shown
0

as a contour plot ifFIG. 3.10 These plots show the differences,é)ﬂq@t—O as a function
0

of H andT in the three samples. Witd~ j condition it can be seen that the derivative
has the largest magnitude in the Bulk and it is large$t-alsgand at a very low field

of ~ 0.01 T. In other temperature ranges, it tenda tow value and the derivative
becomes smaller at higher fielthis clearly establishes the two stage dependence of the
Jon the field. For films the derivative has much smaller magnitudes, showing the
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gradual dependence of tlggjon the applied field. & H U j the derivative behaves
differently. The qualitatively different behaviours observed in the field dependences
show that in the Bulk with large crystallographic grains (where the MR might mimic
closely that seen in single crystal) the SR transitonperature has a clear presence in
the low field MR. At higher fields its presence is much suppressed. This featufBgear

is gradually suppressed in films as the grain boundary contributions win over those from
the interior of the grain. It is compldyeabsent in FilmB which has average grain size

~ 35 nm. In the following, we would discuss implications of some of the main results.

3.7. Discussion
The MR in this material is likely to have two major components
V' = 3" gase + e (4.3
The first componentp yomain arises from the domains that are pinned at the GBs. In an
applied field when the domain slips from the GB, its contribution to the resistance drops. The
second componernp ki, is the component of MR that arises due to the reduction of spin
fluctuations o the suppression of thermally exited magnons by an applied field. Temperature
increment enhances the spin fluctuati{8@. The MR at low field is likely to be dominated
by the first term provided, since the field needed to align domains is not vesy Tdrg MR
at high field will be controlled by the suppression of thermally exited magfRihsand
MPpin IS going to be the dominant contributor. In the low field range of the present
investigation the first component is likely to be the dominant coirtgofactor. As a rough
model fore jomainwe could write
aage ® 0l 00O (4.9
, WhereNy is the number of domains within a crystallite that are pinned at the GB and slip
from the pinning site in the applied fieldjs reduction of resistance when the domain slips.
Again,[ ‘(O k o 0o%oT ‘D, where%o] is the distribution function for thical field
T .The local field in this case represents a pinning field that pins the domains at the GB and
can act as a local anisotropy field. The distribution function can have a most probable field

Ha. For the low field region the field derivati%%% iSO %o .
0

The observation that the MR has different behaviours, particularly at low fields in the three
samples, is a reflection of dominance of the domains in the low field MR, which evolve as
the grain size changes. In bulk sample sibde Dc, the main contribution adp }is M komain

|opj shows a prominent peak Bt Tsg(see FG. 3.8 along with large peak uém—o at low
0

field. In bulk sample, with larger grains, the electron scattering will be mainly within the
grain. The domain m@ment will be controlled by the local anisotropic field. When the field
is applied (>Ha), the magnetic domains slip from the GB pinning sites and align to the field,
reducing the resistance thus giving rise to a sharp low field MR.TFer Tsg the
magneocrystalline anisotropy energy builds up and the magnitude of low field MR goes
down. ForT > Tsrthe MR goes down because the magnetization goes downTWhdh.

The sharp value of derivativée))‘“‘%O observed for the bulk sample closeTtgoccurs at field
0

which we callHya The value ofHna then can be connected to the maximum in the
distribution off . In FIG. 3.11 we show the temperature dependencH.gf. The low value

of Hnax that is seen folT  "¥y is thus a reflection of low value dfi,. In a recent
investigation of magnetoimpedance in Gd, it has been shown that there is a small anisotropy

58



Chapter 3

field ~ 0.015 T that is finite at low and reduces to zero &Y Tsg[4]. This is similar to the
value ofH5 Observed by us. AbovEsgfor Bulk Gd,E, has a finite value with a maximum
at Tc[11] and the magnetization gradually decrease¥ agproaches tdc. This causes the
sharp rise ofHna for T > Tsg (Since Ex = goHmaM42, wWhere Ms is the saturation
magnetizatiof82]).The MR of FilmA has contributions from both (domains and spin

disorder) and therefore the derivatife“‘j%oshows a shallow maximum from which we can
0

identify Hhaxas we did for the bulk sample. In FilA) the \alue of the fieldH .« is larger. It
shows a minimum &af & Tsgrand then rises again @s is approached from below, like the
bulk sample.
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FIG. 3.10 Contour plot ofé2 “:O as a function ofegH and T for all three
. . 0 o
samples (Bulk, FilmA and FilmB). Columns (a) and (b) shomfor the

conditionsH™ jandH Uj.

In the films as the grain size becomes smaller, there is progressive incréasarising

mainly from the pinning of domagnat the disordered surface of the grains. In that case,
larger field will be needed to align the magnetic domains. The manifestation of the
magnetocrystalline anisotropy energy is completely suppressed when the grain size (~ 35
nm) is comparable or ledsan the characteristic lendilt as in the FilrrB.

At comparatively higher fieldegH > 0.1 T), the MR seems to reach a limiting behaviour.

For all the samples at both the conditiohs (j andH U j), the derivative shows a nearly

field independent value;% é 1to 4> mm/T. In the region the applied field is more

than theHc. This is the region where domain alignment will not contribute and the
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contribution will be from the spin or thermally exited magnons fluctuation ¢egg,. In that
case, the film grain structure may not play a dominant role, leading to similar behaviour in

all the samples.
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FIG. 3.11 ObservedT dependence of the field.x (where the
, 0 .
field derlvatlveﬁshows a maximum).

0

A prominent manifestation of the magnetocrystalline anisotropy occurs in the anisotropic
MR (AMR) in ferromagnetic metals and alloys. In the field region of our study, the MR is
mainly controlled by the domain orientations. Thus, anisotropy arises frisutr@py in

Fermi surface and the differences in the electron rates i $fezattering andi f scattering

may not be the leading contributor in the MR anisotropy in this case. The observed
anisotropy may arise from local anisotropy fields that control domain dynamics. In the Bulk
sample, the local anisotropy field will occur due to internal meshatiat will depend on

the anisotropy constants. In the film samples, the domains being predominantly pinned in
grain boundary regions (where local spin disorder plays role), the MR is mainly isotropic
with small residual anisotropy. Thus, similar MR dative were observed in FikB for

field parallel and perpendi@ar conditions (FIG. 3.10

3.8 Conclusion
The present investigation is a comprehensive study of magnetoresistance done on
polycrystalline samples of Gd with varying grain sizes. The magggftance investigation
was done in the low field region. The grain sizes range fromefewo few tens of nm. In
the sample with grain sizes ~ feam or more, the dominant effect arises from the
magnetocrystalline anisotropy of Gd and the observed MRtdinperature dependence as
well as its anisotropy) is a reflection of the temperature dependence of the intrinsic
magnetocrystalline anisotropy. The most prominent feature is a sharp peak like feature of the
magnitude of MR at the spin reorientation titios temperature. As the grain size decreases,
the contribution of the grain boundary increases. The spin disorder at the grain boundaries
and pinning by disorder become important. A larger pinning potential for the domains
reduces the MR in the films. & suppresses the features associated with the intrinsic
magnetocrystalline anisotropy. The evolution of the MR with grain size shows clear cross
over from an intrinsic magnetocrystalline anisotropy dominated regime to a grain boundary
spin disorder domiriad regime.
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CHAPTER 4

Low field magnetoresistance of Gadolinium nanowire

In this chapterww r epor t HoMm2 Tj magretdresistance (MR) studies on a single Gd
nanowire patterned from a nargructured film (average grain size ~ 35 nm) by focused ion beam.

For comparison, we id similar MR measurements on a polycrystalline sample with large
crystallographic grains (~ 4 &m). It is observe
motion of magnetic domains, the MR in the large grained sample shows a close relat@en to
characteristic temperature dependent magnetocrystalline anisotropy including a sharp rise in MR at

the spin reorientation transition at 235 K. In stark contrast, in the nanowire, the MR shows complete
suppression of the above behaviours and it showslgminance of the grain boundary and spin

disorder controlling the domain response.
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4.1.Introduction
As we discussed in the previous chapthatthe magnetism in Gd is fast +@merging as an
actively researchedaredl,2].The magnetism, spin structure, and magnetocrystalline
anisotropy in Gd (a 4f metal) is qualitatively different from those found in more conventional
ferromagnetic 3d metals like Fe, Co, and Recent Small Angle Neutron Scattering
(SANS) studis have established that in Gd below an average grain size of 35 nm, the spin
disorder at the grain boundaries plays an importan{Icé
The present investigation approaches the problem from the view point of magnetotransport,
which we show below can change qualitatively when the size is reduced tameim
range. Thiswork specifically investigates what happens to the weak magnetdiingsta
anisotropy on size reduction as they are reflected in low field magnetoresistance (MR),
where it is governed by response of magnetic domains to an applied field. We show that the
low field MR reflects a change from a magnetocrystalline anisotropyna@dea behaviour to
a disorder dominated behaviour as the grain size is reduced to a length scale of few tens of
nm. We note that while transport and magnetotransport in single crystalline Gd have been
reported extensively3], there are no reports of magntransport measurements in nano
structured Gd, particularly in nanowitdere low field MR of Gd nanowire has been studied
rigorously and the results were compared with its bulk counterpart.

4.2.Sample preparation and characterization
The measurements wedopne on two samples of Gadolinium (Gd). Samplé 8 a
polycrystalline annealed ingot (dimensions in mm range), which served as a reference
sample which to some extent mimics a single crystal in the MR due to its rather large grain
size. Sample - is ananowire of width 275 nm and lengté 10 >m. The nanowire was
fabricated by nanpatterning a Gd film of thickness 250 nm using Focused lon Beam (FIB)
with 30 keVGa' ions. The starting film was grown by physical vapour deposition on quartz
substrate. Thiulk polycrystalline sample ($) was annealed in 1 mbar Ar at 86Gor 24 h
and subsequently cooled slowly to room temperature. Saripleas annealed for 4 h in Ar
after depositionBoth the samples were made from the same starting batch of Gd vélh 99

purity.

FIG. 4.1 (a) Image (top view) of the nanowire of width ~275 nm made
FIB (sample ). (b) Crosssectional SEM image of the nanowire on t
Quartz substrate. (c) SEM images of the top surface of thesfilmwing
grain structureljeforethe nanowire was fabricated
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The structures of the samples weeterminedby X-Ray diffraction (XRD) and the data
(FIG. 3.3(a) were indexed intchcp structure of Gd. The micro/nasstructures of the
samples were studied using Scanning Electron Microscope (SEM),-sarctgsnal SEM,
and Atomic Force Microscope (AFM). For sampld She average grain size is4 >m, as
observedfrom SEM micrograph (shwn in FIG 3.2(a)). Sample £ is nanestructured
nanowire (se FIG 4.1(a)). It contains a compact collection of nearly spherical grains with
average size 35nm(FIG. 4.1(b)) which extends across the cr@estion of thdilm as can

be seen from FI#4.1(c).

4.3. Electrical resistance and MR measurement techniques
All electrical measurements were made in a homemade variable temperature cryostat with
liquid nitrogen bathHigh-precision resistance and MR measurement processes which are
described elaboratein chapter2 are followed herelhe resistance of the samples has been
measured by four probe method. We used a low measuring curr&ftrA) to avoid Joule
heating. The Lock in amplifier (LIA), Digital multimeter (DMM), transformer preamplifier
(PA) anda high resistanc&y (~ 10 kw) were used to measure the resistance by high
precision phase sensitive detection technique (see FIG. 4.2). We used silver (Ag) leads which
were fabricated by-beam lithography for making electrical contact pads.

) )

FIG. 4.2. Circuit diagram of four probe AC resistanc
measurement technique of Gd nanowire.

The MR measurement process was same as we followed for the film samples (see 3.3.3).
The measurement of MR was done up to a field f < 0.2 T at different temperatures
ranging from 80 K to 310 K. Here magnetic field was applied parallel/perpendicular to the
direction of current.

4.4.Resistance measurement and analysis
In FIG. 4.3 we show the resistivity} ) data as a function of. The reidual resistivity}
(contribution of defects and disorder) of the nanowire sample is larger than the bulk sample
and because of that theof S-2 is nearly four times larger than thetSample.
The derivative of the resistivitgd {dT is shown in insef FIG. 4.3 The derivative also
shows the characteristics of a ferromagnetic transitidiz atthough it is much smeared out
(in S2) due tothefinite size effect4]. From the slope change of the resistivity derivative
theTc of S-1 and S2 was found out at 292.5 K and 286.5 K.

64



Chapter 4

R

100 150 200 250 300 350
T (K)

FIG. 4.3. Resistivity } vs. T for the two samples with inse
showing the derivative to cleanly identify tig, marked by line.

4.5. Magnetoresistance measurement and analysis
In FIG. 4.4, we show the MR data as a contour plot to capture botH e T dependence
of the MR (data shown here are for fieltb current).The data are given agf{H) k }(H) z
1 (H =0). The MR(p [H)/} (H = 0)) is negativg) (H = 0) >} (H)) at allH andT. The contour
plot shows that there is a significant reduction of the magnitude gb fkf in the sample S
2; more importantly, these two samples show qualitatively difféadfeanhd T dependences
that reflect the differences in the underlying MR mechanism.

l 0.012

I -0.062
I 0157

poH (Tesla)
(wopr) dy

100 150 200 250 100 150 200 250 300
T (K) S-1 T (K) S-2

FIG. 4.4.Colour Plot oftpjas a function ofoH andT.

To bring out the distinction more clearly in FIG. 4.5, we shipyH) as a function off for
both the samples measured at a fielcegd = 0.17 T. For sample-$, the magnitude of
o [H) shows a very distinct and sharp peakTat 235 K, which is spin reorientation
transitionTsg On further cooling, the magnitude gfishows a distinct mininm atT 175
K, a broad maximum al ~ 125K and on further cooling it decreases. Thaghktic
AnisotropyEnergy E,) in Gd has two distinct temperatures associated with it. BetWgen
and Tsg the easy axis of magnetization is in the same direction as-#lxés.cin this
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temperature range, tHe, as well as the two constants are small but firiBiet at Tsg the
anisotropy constants both are zero &p@lso is zero. Below th&sg thecantingof the easy

axis with caxis increases, reaches a maxiamad k T* ~ 190 K,and then slowly decreases

on cooling[2] but both the anisotropy constaimisreasg5].The observed low field MR data

in sample Sl suggest that the response of the magnetic domains to the applied field is
controlled by intrinsic magnetocrystalline anisotropy within the large crystallographic grain.
The temperature variation of MR in sam@@d. is thus a clear reflection of the temperature
variation ofE, and anisotropy constants that change at the spin reorientation transition.

0.0 >—0.00
T poH=017T S-2 B
© .04} v, .
g = /‘/ \VQ. 'i-s
) ~v o v
= [ e g {008
| Pl t / o
Q ~. . ®,
3 ® 9 /o é
v
aal S-1 H i
1.2} | | \.,- I||l Lone
100 200 300
T (K)

FIG. 4.5 gpjas a function ofl for ggH = 0.17 T, plotted for both samples in san
graph.gp . andg ., correspond to the resistivity change et &nd S2.

At Tsgr the magnetocrystalline anisotropy energy becomes zero. Spins are isotropic in nature
and they are free. As a result, MR is maximumTgt In the region 235K and. the
anisotropy energy is not zerd/hen the temperature increases, the magnetization decreases
and correspondingithe absolute valuef MR decreases with the increaskttemperature.

Below Tsi the anisotropy energy and the canting angle both increbiseleads to a strong
reduction of MR belowTsg But simultaneously magnetization increases with decrease of
temperature and it favours enhancement of MR. As a result, when the temperature is reduced
belowTsk these two competing process act in tandemaamand 18K the second one wins

over the first and the magnitude of MR increases.

The nanestructured sample-3, in contrast, does not show any prominent features in the
magnitude ofgp(H). After a sharp rise just beloW, it slightly decreases on damy and

after reaching a shallow minimum around 235 K, it rises again at [bvildre MR in sample

S-2 has no feature that can be associated with the intrinsic magnetocrystalline anisotropy
within a crystallographic grain. In the nanowire sample (\aibrage grain size 35 nm),

the intrinsic anisotropy within a crystallographic grain is thus not the dominant factor that
controls the response of the magnetic domains. Size effect arising from lateral size reduction
as well as dominance of disorder inaigr boundaries reduces the effect of intrinsic
anisotropy. This is a major result of this investigation.

The magnitude of the MR whethis™ to the current is larger than that whidris U to the
current. This difference also has a clear temperature depeadhat also shows the absence

of any effect of the magnetocrystalline anisotropyhiea MR of sample 2. In FIG. 4.6 we

show that the value o&”- for the sample 8 is larger than the value @’y at all
temperatures and the differers®;, (= 3"~ 3" ) has a temperature dependence similar to
3"~ reaching a maxima &8t = Tsrand a minima close t6*. In contrast, sample-3 shows
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Z

isotropic MR with(3"- € 3" ) till T~ 150 K. Below 150 K3" ¢, gets a finite value but
remains small. Thus, the features associated with magnetocrystalline anisotedpy dh
sample Sl are absent in sample2S

15| .,%..\. noH =017 T
. \, S-1
Y,

A
\
\.
\O‘o.'... ...~...\

S-2
0.0 Sy VY Y iy G S A=AL®, 4

T (K)

FIG. 4.6 g4/ PL =} Z}o) as a function of for egH = 0.17 T, plotted
for both samples in same graphis the value of ategH=0T.

4.6.Discussion
The qualitative difference in the MR of the two samples can also be seen in the field
dependence of MR %. These are shown at four representatiyeeratures for the two
samples in K. 4.7 for 'O to current geometryin case of the reference samplel(S the
field response is sharp and there igsgH<a rapid
0.015 T.After that resistance changes slowly with field. The sharp response in the low field
region arises when the magnetic domains align with the applied field thus reducing electron
scattering that arises from misaligned magnetic domains. The gradual chamgeeafield
arises due to reduction of spin fluctuations by an applied field-1nt8e domains rotate
against the local anisotropy field that is determined by the magnetocrystalline anisotropy.
The magnetocrystalline anisotrofpeing small, the respoasoccurs at a small field. In
contrast, in the nanstructured sample, the field response is very different. There is no sharp
change in the resistance in low field. Below a certain magnetic field, MR shows a fluctuation
which is likely due to the randonochain wall motion. This field (marked by an arrow in the
figure), which we calHs, reaches a temperature independent valQeD35T at loweiT. The
value ofHsincreases fronT 190K and becomes 0.d7aroundT¢ (seeFIG. 4.8.
In nano sample (), theanisotropy energyE,) is dominated by shape anisotrops)
which is independent of temperature. It can be represented by

. To
0 = 30~Gh (4.1)
, Where Ms is the saturation magnetization amty is the anisotropic field6].When

temperature approach&gs, Ms sharply decreases and to maddgsconstantHx must increase.
This Hk is equivalent tdHs,
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FIG. 4.7 MR%(p{} ¢%) as a function otqH, plotted for both samples in san
graph. Applied field is along the current directidth (j). The fieldHs is indicated
by arrow.Hg(+) corresponds to the red curve, wherklgé ) for the green. Note:
Negative MR has been plotted to highlight the magnitude isdade.

ForH > Hg, there is a gradual change in MR, whose field derivative is similar to that in the
sample Sl. ForH < Hg, there is an oscillatory behaviour of the resistance that is enhanced as
T is increased. The magnitude of this oscillation is small. However, @rgeil than the
instrumental resolution for measurement of MR94@ * %) although of the same order.
These small oscillations can be manifestation of thermally inducezindang of domain
walls. These decrease as the sample temperature is lowered.
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FIG. 4.8 Plot ofggHs as a function of temperature.

Using the value oMs of single crystal Gd ( 250 emu/g at 80 K[7] and the measured
switching fieldHs ( 0.035T at 80 K), we estimate a valuekafof S2 3.4 x 10*J/nt.
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The value of MR in € is one order less than the value of MR .S his indicates that
before application of magnetic field, spins are already aligned along the field direction,
which is parallel to the nanowire axis. Furthermore, the switching ffiglthcreases when

the temperaturelc is approached from below IE. 4.8. Hs corresponds to the shape
anisotropy fieldHk. This is expected from Bq 4.1. Mg, the saturation magnetization
decreases as the Currie temperalyés approached from below. Sinkg is T independent
(being controlled by shape anisotropy), this will mékeincrease a3¢ is approached from
below.

Recent SANS studies have shown that the scale of spin disorder in a crystallographic gra
is in the range of 3040 nm[1].Thus, in nanowires with grain size in this range one would
expect sharp departure in the domain wall motion compared to samples with large grains or
single crystals. From the above mentioned evidences, it appears théRtheS2 is not
controlled by the magnetocrystalline anisotropy. It is controlled by the shape anisotropy and
the spin disorder on the surface of the grain boundary.

4.7.Conclusion
This investigatiorshows how the low field magnetoresistance of Gd getdifirad when it
is taken from a bulk (with grain sizes in fexn ranges) to a nanowire that is nestuctured
with grain sizes in the range of few tens of nm. The low field magnetoresistance is linked to
motion of magnetic domains that is governed by l@asotropy field. In the sample with
grain sizes of~ few >m or more, the dominant effect arises from the intrinsic
magnetocrystalline anisotropy. This gives rise to a prominent feature in MR at the spin
reorientation transition temperatufer In the naowire, there is a stronger anisotropy field
arising from a temperature independent anisotropy constant that can arise from the shape
anisotropy of the nanowire and/or the spin disorder. The response of magnetic domains to the
applied field and hence theRVis controlled by this anisotropy field. This leads to absence of
features in MR that are associated with the intrinsic magnetocrystalline anisotropy. Though
the micrestructure of the wire is similar to a bulk nanocrystal film and the lateral dimension
of the nano wire 275 nm is much greater than the average grain size 35 nm, MR seems to be
governed by the shape anisotropy and disolagnetocrystalline anisotropy appears not to
play an important role on MR in this case.
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CHAPTER 5

ProposedBose Einstein condensation of Magnons in
nanostructured films of Gd at lowtemperature and its
manifestations in electrical resistivity and magnetoresistance

In this chapterwe report observation of proposed Bose Einstein Condensation (BEC) of magnons in
the temperature range of around-26 K in nanostructured films of Gd wiginain sizes that are much

larger than the size range where superparamagentism is expected. The observation was carried out
using magnetic as well as high precision resistivity and magnetoresistance (MR) measurements done
to low temperatures. We observeattithe experimental observations depend crucially on one
parameter, namely softening of the spin wave stiffness parameter D at BEC and the resistivity as well
as MR can be related quantitatively to magnetic measurements through the temperature variation of
the constant D in the vicinity of the transition. This paper establishes that the BEC reported before in
nanocrystallineGd can be extended to somewhat larger size range.
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5.1.Introduction
In last decade there habeen many reports of observation of Bose Einstein Condensation
(BEC) of quasiparticle magnon in different solid state systeBIEC have been reported in
spindimer compounds BYW3;0, SkCr,0s, Ba&Cr,0s, BaCuSjOs, TICuClk, NH,CuCl,
KCuCl; [1-9], quantum spin1/2 antiferromagnet GSuCl, [10] and organic spin gap
compound NiGHSC(NH), [11,12] BEC of magnons has been observed at room
temperaturg13] in Yttrium-iron-garnet (YIG) film by application of microwave pumping
that creates a large enhancenanguasiparticle density which in turn leads to BEZery
recently, there are also reports of temperature driven BEC of magnons in hanomaterials
where by lowering the temperature one observes BEC. This type of temperature driven BEC
have been reported Do/Pt multilayer nanopillergl4] and more recently in Gdanocrystal
[15i 17].The last work is highly relevant to the present report as it is directly related to the
present investigation that has been done on nanostructured Gd films.
In the nanostructurethaterials, the observations of magnon BEC have been made mainly
through magnetic measurements like magnetizath qr AC-susceptibility ¢). In very
small size domains magnetic nanoparticles can also display superparamagnetism, although
BEC and superpamagentism are mutually exclusivesize dependent phase diagram for
Magnetic nanoparticles have been sugges{&é8,19] where one may demarcate the
ferromagnetic regime, BEC regime and superparamagnetic régimbave also carried out
frequency depenadé AC-susceptibility measurements to establish that the observed magnetic
transition is not a superparamagnetic blocking temperature. In view of the above discussion,
it will be an important contribution if other experimental probes can be found thatdehen
along with magnetic measurements, would strengthen the claim of BEC. In this paper we
show that resistivity and magnetoresistance are excellent probes of finding magnon BEC.
Briefly, the temperature driven BEC softens the Spin wave stiffness comlstaear the
transition[16].Since the contribution of Spin waves to resistivity is related,tone expects
that the onset of BEC will lead to a change in resistivity as well as in the MR. This has been
first showed in nanostructured Gd samples with average grain size of diameters 12 nm and
18 nm where the BEC temperatures i$6.5 K [15]. In this report we demonstrate the
signature of BEC, in resistivity and MR in nanostructured Gd films around the BEC
temperature- 20 K. The main motivation is to check whether the signature of magnon BEC
is present in nanostructured solids with very different molqgies and with much larger
grain size that are larger than previously reported grain size by a factor of 3 to nearly 10. We
also carry out magnetic measurements in these samples and show that the signature of
magnon BEC in resistivity as well as in MRrcbe quantitatively linked to the Spin wave
constant softening obtained from the magnetization data.
Temperature driven magnon BEC transition had been very well studied in nanocrystalline
samples of G@16,17]using magnetic, transpdit5] as well as hdecapacity measurements.
These measurements were done on nanocryst@lineith average diameters of 12 and 18
nm which haveTge around 20 K. The samples used in the above studies are high pressure
compacted nanopowders produced by inert gas condensation. We used in this present
investigation nanocrystalline films of Gd that have very different sample morphology as well
as they haw larger average grain sizes (35 nm and 105 nm). For comparison we also studied
a polycrystalline bulk with average grain sizeet. The choice of larger size has been done
primarily to minimize the appearance of superparamagnetic contributions. InsGattuirs
for diameter ~10 nr{0].
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5.2. Experimental

Three different Gd samples whicherg used in the work of low field MR measurement
have been studied here. Two film samples of thickness 1900 nmAlriémd 250 nm (Film

B) with a bulk sample (Bulk) was studied. The average grain diameter of th& FHitm-A

and Bulk sample is 35 nm, 1bm a n d IndChaptes3 the sample preparation and
characterizations are described in details.

X-ray diffraction (XRD) and Atomic force microscope (AFM) and scanning electron
microscope (SEM) were used for structural and microstructural characterszation
Magnetization measurements were carried out with a commercial Quantum Design
superconducting quantum interference device (SQUID) magnetometer. DC magnetization
was measured in Zero Field Cooled (ZFC) and Field Cooled (FC) conditions under a
magnetic fied of 0.01 T for temperatures ranging from 5 K to 330 IKothermal
magnetization curves were obtained under an applied magnetic field that varied fraim

to + 1 T. ACsusceptibility measurements were done in 3 different frequencies (17 Hz, 170
Hz and 202 Hz) and in the presence of 3 differ®€ bias fields (0 T, 0.01 T and 0.1

T).The AC field was kept constant at 0.4 mT. The film samples were mounted such that the

plane of the films was parallel to the direction of the applied magnetic field. Theagllec
measurements were done by conventional collinear four probe method. -/ laciplifier

based phase sensitive AC measurement technique with a low frequency transformer pre
amplifier was used for the resistance measurement that allows an accura¢ygland
precision of better thaal ppm. The high precision AC measurement was also used for MR
measurements, where the magnitude of the MR even at a field as high as $@%vaor
temperature dependent resistivity measurement (3 K to 330 K) a closedpcyséd tube
Helium cryostat was used.

5.3 Magnetization

3
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FIG. 5.1.Field H) dependent magnetizatioM) at 20 K. Inset shows
theT dependent coercive fieltHE) of all samples at low temperature.
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The magnetizationM) studies weradone to align our measurements with past studies on
nanocrystallineGd and thus establish our samples show magnon BEC. We also used the
temperature dependenceMfto find the temperature dependence of the spin wave stiffness
constantD as shown belowT hefield dependence dflat 20 K shows that all three samples

are ferromagnetic in nature (FI&.1). Above 0.2 TM shows technical saturatidrut there
existsavery smallfinite slopedM/dH beyond 0.2 TFrom FIG. 5.1 it can be seen that in the
nanostructted film Hc is finite and the superparamagnetism phenomena in the samples is
ruled out by the results
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FIG. 5.2.M vs. T curve (FC and ZFC) for the film and bulk sampl¢

The applied field is 0.01 T. The line through the FC data are fits tc

Equation (5.1). (See text)
FIG. 5.2shows theT dependence dfl for ZFC (zero field cooled) and FC (field cooled)
conditions forT < 30 K. The ZFC data show a peak for 15 K. Previous works in
nanostructured Gd show similar featuf&g,21] These features have been identified as due
to BEC of the magnon. We show bel that theT dependence of the ZFE data can be
explained by softening of the Spin wave stiffness condbarwe also show later on from
AC-susceptibility data that the peak in the ZREC “Yis not a Blocking temperature.
Though the amplitude is very small, surprisingly a peak is seen even in the ZFC
magnetization data of the Bulk sample where the grain sizd &m.

5.4. Softening of spin wave stiffness constari
We utilize theM-TFC data to find out the dependence of the Spin wave stiffness constant
Don T. The energy dispersion relation of the Spin waves can be writfd6lds= Dk* +
T €, wherek is the wave vectol) is the spin wave stiffness constant apd = + gpgH. ®
is the energy gap which is developed by the anisotropy enlergyr work we were using
the value of single crystal @d6] (ga = 0.155(3) meV). The second term is the Zeeman term
with Landeg éactor, g = 2 for Gd (sincd = 0 andS= 7/2).z is thechemical potential.
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FIG. 53. D vs.T as obtained from th@  “Ycurve.

In the BEC state = 0. As a result Dk*+ . @herefore, at low temperature the magnon
densityn in a system of grain siz&can be expressed by the following relatioh22g,
H
1 Gda

=272 Qqoey 1
Q

(5.1)

, Whereb = 1/kgT. In the finite size sample grain, the spin waves are constrained inside the
grains with the maximum wave length d. Therefore, the integration must have a finite
value of lower limit and it i = 2'/d. Finally the temperature dependence relatiom of
becomes (see AppendB}

g§=0"¥2 "QYQ (5.2)

o 32 o M % PG
, whered = % Bgl% and("YQ = %)YOQQT;E}%.
The magnetization\]) is related with the magnon densitpas[16]
0D =09 Qg (5.3)

, whereMy =M atT = 0 K. nincreases with temperatufeand thus leads to a deviation\f
from M. Eqn.5.3, with n given byEqn.5.2, is the modified BlocA*4aw.
Egn. 5.3 is fitted to the low field F®A-T data. The fits are shown in FI6.2 as solid lines.
It can be seen that the fit Bfjn.5.3 to data are excellent. We obtain thdependence dd
from the fit and the data are shown in FIG3.9t can be clearly seen that there is an
anomalous softening @ in the temperature range around 2% K.

The value oD also goes down with decrease in the gesa d from the bulk to the film B.
The smaller values dds in the nanostructured filmsileance the values of magnon densities

in them leading to the observation of BEC. The temperature at which the anomalous
softening ofD occurs can be taken as the transition temperadigre

5.5. Resistivity
The temperatureT] dependent resistivityy  for all the samples is shown in FIG.4
Though all the samples show metallic naturespite of their high resistivities, there are
observable differences between the film and the bulk resistivity Batahe bulk sample, as
in a metallicsolid, it has a residual resistivity 10.5em.cm andthe normalized valu&y =
1 (B0K)/3 (B5K) = 14.4. At300 K} shows approach to saturation as is often obseirved
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highly resistive metals and alloys that have 100em.cm. The values af for the films are
noticeablyhigher as expected primarily due to the grain boundesistances. There are at
low temperatures clear featurésiarked by arrows). These features we show below are
associated with the softening of the Spin wave stiffesesstanD.

210

140

p (nQ.cm)

70

100 200
T (K)

FIG. 54. | vs. T curve of all three samples. Inset showsjthe | o
vs. T? plot. Transition temperatures are indicated by the arow

Theresistivityyof a magnetic metal follows the Matthi
T ot g+ (54)

, Where] ¢ is the temperature independent residual resistivity (depends on the lattice defects

and grain boundaries etg,),s the temperature dependent lattice (phonon) contribution and

Im is the magetic contribution. In most metallic solid the is given by the Bloch

Gr. neisen theonf23] which is determined primarily by the Debye TemperauyeThe

magnetic contribution arises from the Spin wave and is giv§24as

.,Yz

o) (5.5)

, Wherey is a constant that depends on the rati@i df spin-orbit interaction energy and

Fermi energy k). Clearly a lowD will accentuate the value gf, and will make it more

visible. In most magnetic solid theg is generally overwhelmed by the except at lowr.

To check for the existence of a discernible magnetic contribution at low temperatures, we

have plotted (T )T}, as a function off” (for T 25 K in the inset of FIG5.4). It can be

seen that for the films the at low T have a substantial magnetic contributieff?j that

follows Eqgn. 5.5. For both the films fofT >17 K, there is an upward enhancement of the

magnetic contribution due to sofiag of D as Tge is approached. The features marked by

arrows in the main figure are visible as change in slopes in the inset (also magweow)y

For the bulk Gd sample, the value Bfis much lower than that seen in conventional 3d

ferromagnetic materials like Fe and Ni but it is much larger thaD &een in the films. As a

result the magnetic contribution is much smaller in the bulk Gd compared to that in the films

and we may negledt This observation allows us to use its temperature dependent resistivity

(1L +(MT o) as a measure of the lattice contribution for all the samples.

o =1
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FIG. 55. d y/dT vs. T curve of the film samples. Calculate

~

value ofd §/dTis mentionedaBCa |l 0 .

To identify the magnon BEC and connect the softenirgasf seen in the resistivity data, we
use the derivative gf asd y/dT=d J / AT d} /-d F.W/dT, whered y/dTis taken

as thed } / far The bulk sample (marked dsy,/dT), following the argument abovéA plot

of d §/dT for the two films isshown in FIG. 5.5. The features marked by arrows in the
resistivity curves for the films in FIG5.4 show up clearly as rather sharp peak in the
derivative curves. The maximum th /dT can be identified with the minima iD vs. T
curve evaluated from the magnetization data (see FI&.Tb test this quantitatively, we
calculate the derivativéd 4/dT = 2 y T 43 a function ofT from Eqgn. 5.5 using the
experimentally observe at a givenT. We obtairo from the experimental derivative curve
atT =7 K by using the observed valuefat that temperaturel y/dT was calculated from
the temperature vatian of D. The calculated curves are shown as lines in BI&.It can

be seen that they match well the experimental curves. It establishes the fact that the softening
of D, which is taken as the sighature of magnon BEC, leads to a maximadig,fi€ curve.

We can then identify th&g from the temperature whede] / peaks are observed at |[Gw

5.6. Magnetoresistance
Since the magnetic contribution to resistivity shows up a clear signature of BEC, it is
expected that the magnetoresistance (MR) would also show a signature of BEC. Application
of magnetic field will enhanc&ge[16].Thus for aT < Tgg, application of fiedl (H) will lead
to an enhancement @f at a given temperature which will redugg as given byEqn.5.5,
leading to a negative MR. The effect is expected to be largest fdize. This would thus

make MR yet another probe to identify the BEC. (We define theablRY% = 100 x =
0

”

100 x —2 wherey ok § (H=0).)
0

At a temperatureTE 20 K) theH dependent iplane transverse MR (applied field and
measuring current are perpendicular) are shown in 5l&a). MR is negative for all the
samples. MR has been measured up to a field of 9 T. At low temperature and high field, the
MR for the film samplesbecome larger compared to that of the bulk. There are also
differences in field dependence. In the film samples there is a clear linear component, which
we show below is linked to the field dependenc®ofhe T dependence of MR at a given

”
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field egH = 9T are shown in FIG. 5.6(b). The magnitude of MR is clearly low (Note that the
data have been plotted a$1R%.). However, for films A and B there are clear maximarfor
Tse, as determined from the resistivity derivative curve (HG).
MR can be fitted by a single function ldfas[15]
S’/” T R
—=Q0 @0 (56)
0

, Wherec; and ¢, are the weight factors of the representative terms. The first (eiir)
represerd the contribution arising from the breaking of coherent long range ordering of
magnons and the second tefirc,H?) is the Lorentz term (present in transverse MR)
contribution. The value af; andc, hasbeen obtained from the data by fitting therEgmn.

5.6.

O —e—Film-A
—#l— Film-B
6 /' Sm opH=9T
2 R =
& £
s 4 = (b)
[ u ...\
: 2L 4§ o\.
sl o FimB e
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FIG. 56. (a) Field {) dependent MR% at 20 K for film samples. Data
fitted by Eqn. 5.6 (b) TemperatureT) dependent MR% (g,H = 9 T). To
show the absolute value negative MR has been plotted.

The parametec, ( 4.22(4)x 10° T'* and 11.92(1)x 10° T'! for Film-A and FilmB)
varies. We show that this happens due to dependencgonfD which itself has a
dependence oH.

UsingEqn.5.5 for a particular temperature it can be written as
yn ” ” 0 1 1 ’0(0)2
—=—= —= ——— 0 2 = - 1
” 0 ” 0 02 O(O)Z O( ) 02

Therefore,
QY 0(0) 2 100
a0 "y O 0Qo
Again fromEQn.5.6, neglecting the Lorentz part in the field range concerned:
QY .
’Q’O Ho - (Ai
. 0(0) 2 10
o W= 255 Ggo
7 2 7
QW= gl (5.7)
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, whereGyy = % % andDy = D/D(0) is the normalized value @, whereD(0) is the value
of D atH = 0. SinceD increases witl, ¢;yis> 0 andc; is < 0, as observed experimentally.

It is noted that the low temperatureas well as the MR data of the films done in this
investigation, have a broad similarity to the data on nanostructured bulk solid done
previously. The present investigation showed that barring details the signatures of BEC in
magnetic as well as the transpdedta are mostly independent of the morphology of the

nanostructured Gd.

5.7. AC-susceptibility
The discussion so far assumed that the transition seen ar Iswdistinct from what is
expected of a superparamagnetic transition. In fact the particle size used here being much
larger than the size range where superparamagnetism is expected, we can rule out such
effects. In addition, we have two more experimentakoas to rule out the above effect.
First, it can be seen from FIG.1 inset that the nanostructured films have finite coercive
field Hc which are much larger than those of the nanostructured films. In a
superparamagnetic particle thie is expected to 0. Next we show using measurement of
AC ¢ that there is no evidence of blocking transition as it happens in superparamagnetic
particles which often lead to a hump in ZMGys. T curve similar to those seen in FI&2

FIG. 5.7 (a) Temperaturdependence of the real part of AGsceptibility ¢)jfor two
films samples at three different frequencies (17 Hz, 170 Hz and 1202 Hz). Amp
of AC-magnetic field §,H,) and dc bias fieldggHgo) is 0.4 mT and 0 T. (b) Same fc
the imaginary part of 8s u s ¢ e p tNjNg)i TheiT tependerce of the normalize
susceptibility é)Gh)j, whereclj= e[ = 5 K), at frequency 17 Hz of three differe
samples for DC bias field 0 T, 0.01 T and 0.1 T. Arrows indicate the shiftifige0
with DC field intendy.

For zeroDC bias field theT dependent reakljjand imaginary@NjNart of the susceptibility

have been plotted for three different frequencies ranging from 17 Hz to 1200 Hz. The data
were taken with no applied dc field and a modulation field of 0.4 mT. In-Aiknd FilmB

there are peaks i6N]J curve is observed agmperatures where the ZR&G T curves show a

hump (the data in bulk sample shows no such features). Importantly, the peak position is
independent of the measurement frequency. This is unlike blocking temperature, which being
a kinetic effect, shows a cledependence on frequency of measurement. One thus can rule
out blocking temperature associated with these features.
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