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PART I
DEVELOPMENT OF BIMORPH ELECTRO-THERMAL ACTUATORS

This part of dissertation confined in Chapter @meugh Five describes a study of torsion
phenomena observed for the first time in freestagadnicromechanical mirrors made of silicon
nitride and coated with thin films of metals sushnickel, gold, and silver while passing electric
current. Such micromechanical freestanding silicoitride mirrors were fabricated by
photolithography and selective etching. The torgooduced on passing current was found to be
proportional to the square of the dc current pasa#dthe torsion direction independent of the
current direction. The torsion angles as a functibourrent were measured for nickel-deposited,
gold-deposited, and silver-deposited micromirrofdifferent dimensions. The measurements
were doneusing optical technique by monitoring the differahtvoltage output from a split
photodiode, with the data taken by the standark-lodechnique. Calibrations were performed
using a rotation stage. The torsion angles weresured for several sets of micromirrors with
the dimensions of 150umx150um; and 175 um long bewsith different widths of 8, 10, 12, 16
and 20 um. The results indicate that the torsiaglemnare proportional to the square of the dc
current and are dependent on the beam widths. Engi¢cime for such micromirrors was found
to be ~ 1ms. Large torsion angle of 26.3 degreeesponding to 38 mA of a dc current with
less than 1 V of applied voltage was measuredarcése of Au-deposited structure of 390 x
290um with the beam size of 100 umx7um. Large torsiogles achieved in such micromirrors
may find potential applications in various actuattor MEMS and display technologies.

The second part of this dissertation starting frdmapter six will focus on the study of
various weak ferromagnetic materials by using Aadreeflection spectroscopy. Such materials

have spintronic applications and have scientificaiteresting and important material properties.



CHAPTER 1

TORSION MEASUREMENTS OF MICROMECHANICAL MIRRORS COA TED WITH
NICKEL, GOLD AND SILVER

1.1 Introduction
Famous Stern-Gerlach experiment in 1921 showetl ttiea electrons have just two

possible orientations of magnetic moment even thaihg origin of magnetic moment of the
electrons with zero orbital angular momentum (I)=@s not known to them. Four years later in
1925, Samuel Goudsmit and George Uhlenbeck ma@enarkable discovery that an electron
has intrinsic angular momentum that doesn’t depmmdhe orbital characteristic [Uhlenbeck et
al., 1925]. They used the term “spin” to describehsintrinsic angular momentum of electrons.
The property that the electrons have charge has bedely used to develop electronic

industries.

Mott (1936) was the first to consider the studgpih polarized transport which helped to
understand tunneling experiments in the early dqistggt et al., 1936]. Tunneling measurements
on junctions between very thin superconducting aum films and ferromagnetic Nickel films
in a high magnetic field show that the tunnelingrent is spin dependent [Tedrow et al., 1971].
The study of the spin polarized tunneling currenierromagnet in F/N/F junctions, where N and
F stand for nonmagnetic and ferromagnetic, hasnpateapplication as spin filters. A giant
magnetoresistance, which is much larger than anigpt(difference in resistivitAR = RL - Ry
for currents flowing parallel (R and perpendicular (B to the magnetization) was found in
F/AF/F layers (e.g. Fe-Cr-Fe) where F is ferroméignand AF is antiferromagnetic interlayer
[Binasch et al., 1989; Baibich et al., 1988]. Ampigziable increase of the electrical resistivity
was found in the case of antiparallel alignmentaignetizations in the double magnetic layers.

The origin of this effect was believed to be duespin flip scattering of the electrons as spin



polarized electrons in one ferromagnet propagatautih the structure. The effect called GMR
(Giant Magnetic Resistance) was discovered indegahdin 1988 and 1989 by Baibiat al
and Binasch G. respectively. A. Fert and P. Grumhegre awarded Nobel Prize in Physics in
2007 for the discovery of spin dependent transimissif the conduction electrons between Fe
layers through Cr layers. This research was promidgor application to magnetoresistance
sensors. In 1994 J.M. Daughteh al developed the first GMR sensor as commercialteac

spin product [Daughton et al., 1995].

After their discovery of GMR, continuous improvengenhave been made in
reproducibility, increase of efficiency, and redantof coercivity [Parkin et al., 1991; Dieny et
al., 1991; Daughton et al., 1992]. GMR and spinetelent tunneling (SDT) structure are now
being used in magnetic field sensors. Spin valvesused in read heads for hard drives and
galvanic isolators. Spin valves and SDT are beisgdun non volatile random access memory
development [Daughton et al, 1999]. Another intingsconcept is a bipolar spin switch that
was fabricated in 1993 by Mark Johnsenal [Johnson et al., 1993]. When spin polarized
electrons go from one layer to another in a FM-NM-EMR structure, the electrons have to
change their spin if the magnetization of two FMels are not parallel. This causes the change
in angular momentum of the polarized electrons Wwhie turn, causes mechanical torque. This
spin transfer torque was predicted independentllonczewski [Slonczewski et al., 2000] and
Berger [Berger et al., 1996]. Later J.A Katiat al were able to facilitate the large current
density induced magnetic domain realignment in Qaf@iltilayer nanostructure in 1999 [Katine
et al.,, 2000]. Effect of spin polarized current warious electrodeposited single contacted
nanowires was studied by J.E. Wegratel in 2002 [Wegrowe et al., 2002] and they proposed

that exchange torque and spin transfer are thentwohanisms of magnetization change. In



2003, Li. ¢ al. analyzed the consequence of the spin torqueeodythamics of the local moment
of a spin valve structure. They found that the netignenergy oscillates as a function of time
even for a steady-state current. For pulsed curteatminimum width and amplitude of the spin
torque for achieving current-driven magnetizatiemarsal have been determined quantitatively
[Li et al., 2003]. Microwave frequency dynamics nanomagnets propelled by spin polarized
current was studied by Kiselec et al. in 2003. Thaynd that the spin transfer could produce
several kinds of magnetic excitations, and magratiers are able to convert DC currents into
high frequency magnetic rotation [Kiselec et aD02]. In 2004, Yamanouclet al demonstrated
that, in a ferromagnetic semiconductor structuragmetization reversal through domain wall
switching can be induced in the absence of a maghetd using current pulses with low current
densities ( below I0 A cm?). Though the switching speed was low, their apghoeould

provide a route to magnetic information storagdiappons [Yamanouchi et al., 2004].

In 1998 P. Fulde proposed that the measure oftsgusfer induced mechanical torque of
a hybrid FM/NM wire would be the measure of the metg polarization of the conduction
electrons in ferromagnets. This may yield new infation on the transport properties of the
narrow band electrons in itinerant ferromagnetsidéuet al., 1998a]. Measurement of the
mechanical torque will give the spin polarizatiohnferromagnet being used in the composite
structure. X. Li attempted to fabricate the comfm$iM/NM wire to measure spin torsion by
using an optical system [Li et al., 2005]. Li hdsoaobserved the torsion even when the current

was passed through a single magnetic microwireickéll

In order to increase reproducibility and to undamstthe origin of the observed effects
we have studied the spin torsion in micro electrechanical (MEM) structure. An optical

system was used to measure the torsion angle mddao such micromirrors coated with



ferromagnetic material (Ni) or non-magnetic mateAa or Ag. The measurement of torsion
angle will be done by passing DC and AC (to getagicled oscillations, if any, at resonance).
Understanding the reason of torsion in a FM stmectwill reveal a new dimension on the
dynamics of spin when they are influenced by curdenaddition, such devices, which are easier
to fabricate than composite structures, will haegesal possible technological applications.
Quantification of such torsion angle as a functmicurrent is essential for its controlled
practical use. Also, whether the torsion is produtenonmagnetic metal coated structure will
be tested. This project is directed toward thial gleat will be quite useful for spintronics device
applications, as well as a variety of MEMS applmas. Sample fabrication and optical

technique to measure spin transfer torque diredtlybe discussed in the next section.

1.2 Spin and prediction of Spin Torque

Apart from the orbital angular momentum associatétth the motion of an electron, an

o —~ . : 3 .
electron has an intrinsic angular moment&whose magnitude is S=\/2:h . Just like charge or

mass of an electron, the spin angular momentunisis igs intrinsic property. There are two

possible values of its z-components vig,,= m., where the spin magnetic quantum numbers

are m, =+—, which are also referred to as spin up and spiandé/hen electrons go from a

N

ferromagnetic layer to a non-ferromagnatic laybeyttransfer their angular momentum to this
layer. As a result of this, angular momentum trangfill be translated into a mechanical torque
of the device [Fulde et al., 1998b].
1.2.1 Torque and spin Polarization

The measurement of the torque at an FM/NM interfageld allow one to determine the

relative contributions of different types of elexts (e.g., s and d in the case of Fe) to the curren



[Aharoni et al., 1996; Fulde et al., 1973c].Each spin flip results in a change in angular
momentumAL = 7. Let the number of electrons that pass throughntegface in time interval

At be AN while passing current I. Then, the total chafiée passes in timat . So, | :_AL\lte ,

which gives the number of electrons passingl\asl%t . Assumingd'to be the degree of

magnetic polarization of electrons contributinghe current in the ferromagnet, the fracti%n
of the electrons will flip their spin at the intade between FM and NM when current | is passed

through the wire. Total change in angular momenuiimA% electrons is%ANh. Hence, the

torque which is the rate of change of angular mdmeris%ali, where X is the unit vector
e

along the wire axis. Thus torque, which increasesakly with the applied current, is a direct
measure of the spin polarization of the itinerdettons in the ferromagnet [Mohanty et al.,
2004]. Other factors such as Wiedemann effect, rgémeagnetostriction effect also contribute
for the torsion of the wire but these contributicare too small compared to the spin transfer
torque [Li et al., 2005].The effect of temperature on torsion angle is netht weak, and at

room temperature, at least at resonance, the toramgles exceed the thermal torsional

fluctuations [Fulde et al., 1998].

To provide a better understanding of the degreeleétric transport contribution of
especially d electrons in ferromagnetic transitmatals like Fe, Co, Ni, scientists have given
theoretical predictions for the measurement of $igintorsion produced in the interface of the
FM and NM wires as shown in Figure 1.1. Howevee, ttrsion effect has been observed in a

single Ni wire [Li et al., 2005] and micro elecimechanical mirror structures.
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a

Fig. 1.1 Two types of composite structures (apwtructure, and (b) micromechanical structure
(After Xin Li et al., 2005)

1.2.2 Prediction of torsion in micromechanicas$tructure

The micro electro mechanical structure with a nmigonsists of freestanding rectangular
thin film of a Silicon Nitride substrate as shownHig. 1.2.The beams that support the structure
are fixed to the silicon wafer. Optical photolitmaghy is used for the sample fabrication. The
mirror and the beam structure are coated with Nielactron beam deposition method. The
structure with thin layer of Ni on it (about 50 nis)excited by either dc or ac electric current.
The structure displays torsion even though it feetent than the composite structure we have
originally planned to study (see Figure 1.2). THeat is so large that the torsion can be seen by
the naked eyes, or for small currents in an optinatoscope. In addition to the magnitude of the
current, the torsion depends on the geometry ofrtimeor namely the moment of inertia of the
structure. The ferromagnetic Ni layer is much tleinthan the silicon wafer (the mirror structure)
so that the mechanical behavior of the mirror imohated by the Silicon Nitride structure even
after the deposition of a thin layer of Ni.

1.2.3 Moment of inertia (J) calculations for the mgrostructure, and the resonance
frequency

These calculations are shown in Appendix A(l).



CHAPTER 2

EXPERIMENTAL TECHNIQUES FOR MEASUREMENT OF SMALL TO RSIONAL
ANGLE AND FABRICATION OF MICROSTRUCTURES

2.1 Different optical techniques to measure smangle

In order to measure very small torsion angles fametion of the applied current we have
employed a highly sensitive optical system. Diffgrether sensitive optical set-ups have been
used by many people for research in optics.
2.1.1 Remo’s correlated —optical detection appezh

Remoet al developed a correlated—optical detection apprdgich 2.1) which provides
a high level of precision and resolution for lin@ad angular displacements [Remo et al., 1997].
A digital piezotranslator (DPT) with displacememégsion of less than 1 nm is used to displace
the fiber optic (FO) so that the photons suppligdabgiven FO aperture impinge on both
segments of the dual photodiode (DPD) surface. differential voltage as a function of
displacement of piezotranslator is used as calthratandard to convert relative voltage change

to displacement. This approach seems more suifabline measurement of displacement than

rotation angle.
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Fig. 2.1 Remo’s displacatmmeasurement set up [Remo et al., 1997]



2.1.2 Guo’s surface-plasmon resonance-heterodyne imterometry (SPRHI)

Guoet al have developed another method of angle measutamgny surface-plasmon
resonance-heterodyne interferometry (SPRHI) [Gualet1998]. Their experimental set up is
shown in Figure 2.2. They claim that the phaseetkifice between p and s polarization states
when surface Plasmon resonance (SPR) takes plasgyisensitive to the angle of incidence.
They employed heterodyne interferometry to meathisephase difference and thus to measure

small angle.
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Fig. 2.2 Guo’s angle measureamehup [Guo et al., 1998]

A beam of laser (He-Ne, 632.8 nm) is split into tpaths by a beam splitter (BS). One
part of the beam passes through analyzeamd reaches the photo detectar Dhe output from
D is used as a reference signal. The other parteob&fam reaches the prism (P) and is reflected
from the hypotenuse side of the prism coated witleis On the reflecting surface of the prism,
SPR takes place so that the reflected light passeagh the analyzer2and reaches the photo
detector B. It will have a phase differenc® compared to the reference beam. The phase
difference® is recorded as a function of a small change ininb@lent angle to be measured.

Using these relations, a small angle can be medsoyethis technique. Even though the
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measurement resolution of 2x18egreecan be achieved by this method, it is not easys®it
for our experiment.
2.1.3 Giuliani’s oscillating mirror technique

As a modification of a basic self-mixing configuost [Servagent et al., 1998], Giuliani
et al devised a method for measuring small angle, wittigh sensitivity (5x10 rad) [Giuliani
et al., 2001]. In the presence of a strong feedlfack the mirror, the laser diode (LD) operates
in the so called coherent collapse regime. In tegme, the power for LD is modulated by a
signal which accelerates the mirror. The experimlesgt up of this technique is shown in Figure
2.3. The requirement on the oscillating mirror msttechnique is too complicated for our

measurements.

> +— Lens Surface

B under Test
h 4+— Attenuator

Mirror i

Fig. 2.3 Giuliani’'s angle measuremsettup [Giuliani et al., 2001]
2.1.4 T. Suzuki’s rotating-mirror system

Another method to measure small rotation angles prasented by Suzukit al. whose
experimental set up is shown in Figure 2.4 [Suatlal., 2001]. They calculated the angle from
the relative phase shift of the viewed grating imdny means of the Fourier transform (FT)
method. Their set up consists of a computer-gea@rgitating, a CCD camera with a zoom lens,
a computer, and a rotating-mirror system with & a reference mirror and,Ms an object

mirror. They claim that the system does not reqaio®herent light source so that it is insensitive
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to external disturbance and works with rough aligntnHowever, this method is not suitable for
mounting our free standing mirror samples. Measergmof small rotation angles can also be
done by interferometers and autocollimators butseéhdechniques require an isolated

environment from external disturbances, and lomgeasurement time respectively.
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Fig. 2.4 T. Suzuki’'s angle measurement set ugy®i et al., 2001]
2.2 Our technique used for measurement of smadhgle /experimental set up

We have also used an optical system to measureal smsion angle of the nano
structure. The optical set up we use is shown guié 2.5. After attenuation of the beam of a
He-Ne laser, it is directed through chopper tortfkecting surface of the mirror sample mounted
vertically on a translation stage. A quadrant pHmde receives the reflected light from the
sample. The signal that comes from the photodisdmeasured by the lock-in technique. A
chopper with a frequency around 220 Hz is useds T™hihe reference frequency of the signal.
An oscilloscope is used to monitor the chopper ey and the signal frequency
independently. The signal from the photodiode imistdd to zero by aligning the laser before
measurements. We can do two types of measuremsinig this set up. DC measurement uses
dc voltages taken from the Lock-in. The dc is traited through resistors connected in series

with the mirror structure. The dc current througl sample produces torsion in the structure, so
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that light reflected by it rotates and moves to itiecent location of the photodiode. The

differential output voltages from the photodiode agnchronized with the input pulses by the
LabView program, and the data are recorded in dmeputer that controls the Lock-in. We get
the relation between the input current and the wWugpltages. On the other hand, the relation
between the output voltages from the photodiodeesponding to different rotational positions

of the sample is found by putting the sample onrthation stage that can be controlled by the
LabView program. The calibration curve is used tmwert the recorded voltages to torsion
angles. On the other hand, we can also pass A€rtarof different frequencies from a function
generator to a sample. The sample is expectedaw smaximum rotation when the frequency

supplied by the generator is in resonance withrahtscillation frequencies of the structure.

Attenuator Reflecting Mirror

Laser

Optical
¥ Chopper Mirror-beam
I Structure

RotationStage
Control

Quadrant
Photodiode

Chopper

Frequency
Photodetector

. N
Oscilloscope Lock-in Amplifier ;

Fig. 2.5 Opticgbeem used in our experiment



13

2.2.1 Split photodiode

A semiconductor photodiode QP50-6SD from Silican$r Inc. has been used. It is a
guadrant photodiode array with current-to-voltagepBfiers that provide X and Y difference
signals. The output voltages are obtained by rgutite diode element current into current to
voltage amplifiers with a gain of 10The four quadrants, each of these can act asgesi
photodiode, are formed by separating them by@2gaps. The electronic assembly is shown in

Figure 2.6.
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Fig.2.6. Front dmatk of assembly of quad photodiode

The quadrant photodiode is utilized in the prineigf electron excitation that when
photons (light) are incident on a PN junction ahgmnductors, some electrons get exited from
the valence band so that they jump to the condudiend leaving holes on the valence band.
Electron hole pairs created in such a fashionespansible for the photocurrent that depends on
the power of the incident photon and the widthlef tepletion region of the p-n junction. The

photo current is given ag,l O By (1-6°%), where d is the width of the depletion region &nds
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the power of the incident light. The depletion megis increased and hence the photocurrent is

enhanced by reverse biasing the photodiode.

Before taking any data, the output signal was exroy putting the light beam in the
center of the photodiode. For a one-dimensionalianodf the light beam we can check the
difference of top and bottom, or the differenceld left and right quadrants, which is expected
to be close to zero. Once this is achieved, weydwat some differential voltage when the light

spot moves in any direction up-down, or left-righigure 2.7 shows how the differential outputs

are taken.
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Fig 2.7 Block diagram of internal circuit dig@odiode to show the output

2.2.2 Sample preparation

The momentum transfer of electrons when they passigh the interface of magnetic
and nonmagnetic conductors is explained as theecaisthe torque produced in the
wire/composite nanostructure. However, we notize the torsion effect is observed in a single
magnetic material such as the one coated with Bliow8 we will discuss the preparation of such

sample.
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2.2.3  Preliminary micromirror structure
Structures of micromirrors on a silicon wafer wéabricated by photolithography. A
number of similar structures were fabricated onngle Silicon wafer. One of such mirrors is

shown in Figure 2.8.

Fig. 2.8 Structure of Si mirror before Ni coating

2.2.4 Typical dimensions of the mirror-beam sticture
The exact dimensions of the mirror beam structugeswaken by using microscope with
a CCD camera. The dimensions of the mirror ancbd@ns supporting the mirror are shown in

Figure 2.9.

Fig. 2.9 Dimensions of the mirror beam structure
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2.2.5 Ni Deposition

Nickel was chosen as one of the magnetic matetalbe deposited on the mirror.
Shadow masks were made for the deposition of Niéketing the deposition we have made sure
that a Nickel layer is continuous on a particularron and beams supporting the mirror. At the
same time we made sure that individual mirrorsresalated from one another.

Nickel deposition was done by the electron beaposigion technique. In this technique,
electron beam is used to melt and eventually exdpa@ metal to be deposited on the wafer. For
the deposition of Ni on the structures we used pilessure of the deposition chamber has gone
down to 2x10 Torr at the time of deposition. The filament cutrevas approximately 1 A with
the voltage of 8.0 KV. The deposition rate wastsdie from 0.2 to 0A&/s. The thickness of the
Nickel layer deposited in such controlled fashioasvb00A. Fig. 2.10 shows the $B, mirror

after the Ni deposition.

Fig. 2.10 Si mirror-beam structufieaNi deposition
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2.2.6  Experiments with Nickel, and a test forite Gold deposited sample

As explained earlier, Ni-coated sample was useskéothe torsion effect while passing dc
current through it. The effect was observed undemiicroscope by applying dc current. When a
current was turned on, the deflection of the mimas seen clearly, and it was independent of
the direction of the current. At this point, we @s®d that the effect has magnetic origin. But it
was important to check whether or not this effsabbhservable in nonmagnetic samples as well.
For instance, rotational effect may be due to theraction between individual electric dipoles
and the ac electric field as observed by Egal [Fan et al., 2005]. On one of the mirrors, A00
thick layer of Au was deposited as a honmagneticaotor. It was difficult to make the Indium
contact to the gold layer, since it was comingea$ily while the surface was heated by the iron.
Thin silver paste, on the other hand, allowed uséde contacts across the gold coated mirror.
As in the case of Ni, gold wires were used betwtbencontacts and the connecting wires. Using
the same source meter (Keithley 2400) as a cus@amice, dc current was passed through the
structure, ranging from O0.A to 2 mA. For each current the sample was obseureter the
microscope. In the case of Ni coating, the torsffect was observed when dc of 1.3 mA was
applied and the effect was more prominent whengsutsf dc current increase. There was no
torsion effect at all as we observed by naked eyke case of gold-deposited structure for the dc
current of up to about 5 mA. However, close to tddue of dc current, the torsion of the
structure was observed. The presence of torsiagoid deposited sample has challanged our
hypothesis that the torsion in Ni-coated sampledige to magnetism alone. In fact this
experiment indicated that the torsion effect in tase of Ni-deposited sample does not have
magnetic origin. There are many possible sourcégrglies at nanoscale. Torques on MEMS are

based on electrostatic forces, thermal fluctuatiotiscularly polarized light and angular
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momentum transfer by spin polarized currents [Cewadt al., 2007]. In the context of our
observation, it was important to know the reasotheftorsion in the Ni deposited freestanding
silicon mirrors and Au-deposited structures. Mvisrth noting that the torsion in the case of Ni is
seen at lower currents than the torsion in the ca&wold deposited structures.

2.2.7 Taking data/experimental details

He-Ne laser was focused by lens system onto ash@eding sample which was kept
vertical on a stage with translational (x, y, zdaotational degrees of freedom. Initially, the
laser spot is adjusted at the center of the photigjiso that the output signal is zero (see Figure
2.11). Once the zeroing is accomplished, curreplassed through the sample. When pulses of
current are passed through the mirror beam streictorsion pulses are produced in the structure.
As the mirror rotates, it rotates the reflectecetdseam so that the reflected spot gets shifted on
the photodiode. When a current is passed througgrtecal structure the reflected light moves
mostly from left to right. Output signal is takemorn pad 2 which gives the differential voltage
produced by the left and right opposite quadrabtek-in amplifier controlled by LabView
program is used to execute the output signal. Titeud signal voltages as a function of the input
voltage pulses, which is responsible for currensgsy is recorded by the LabView interface.

These output voltage signals are to be convertéaetgorresponding torsion angles.

Pad 1 Photodiode Bias
V, Vi
Pad 2 output = (V3+V4)- (V1+V2)
Vs A Pad 3 Output = (V2+V3)- (V1+V4)
Pad 4 Outpot = WP#V3+V4
Pad 5 for +15 V
Fig. 2.11 Quadrants of the photodiode Pad 6 for GROUND

Pad 7 for =15V
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2.2.8 Lab View Programs

Lab View program was developed for controlling kan, generating the dc voltage in
steps and run the program between +v and —v, amdd¢he data that Lock in acquires when the
micromirror actuates and the signal of laser chamgethe split photodiode. Fig. 2.12 shows the

front panal of the software developed.
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Fig. 2.12 Lab View program used to control Lockaimd record data while passing dc current

2.2.9 Calibration

The calibration curves are obtained from the outmitage signals corresponding to
different known angular positions of the sampledtre. Such a relation is found by putting the
sample in a vertical position on the rotation stdg# can be rotated in a controlled fashion by
LabView interface. Laser is focused on the sample reflected laser beam is focused on the

split photodiode. As before, zeroing of Lock-in dewy, which is the output signal from the
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photodiode, is initially done by adjusting the piasi of the photodiode. The rotation stage is set
to zero at this position as a reference. The mtattage is then rotated controlling it by using th
LabView program. For different positions of rotatistage, and hence the mirror-sample on it,
the differential voltages as output signal from adre recorded. The distance between the
sample and the photodiode layer, intensity of lased other parameters are kept the same
during calibration as they are during the measurgsn€urrent is not passed through the sample
during calibration. A typical calibration curve shown in Figure 2.13. It is taken up to the
saturation region of the photodiode maintaining #azame distance of 15 cm between the
reflecting sample and the photodiode as duringnte@asurements. While converting the actual
data to the torsion angle the calibration dataldese multiplied by -1 to correlate the direction
of torsion of the mirror and the corresponding cli@n of the rotation stage. In other words, this
allows the positive angle of calibration curve épresent the data for increasing currents, and

negative angles to represent the data for decigeasiments.

Calibration of rotation stage for Ni

Calibration of rotation stage for Au coated mirror 0.2-
0.37  y=-2E7x*43377.9x-0.0056 y=TE14x"+6E11X*-9E6X’-3377x+0.013
021 ~ 0.1
3 3
o 0.1 s
()
3 0.0 2 00
= v
% -0.1 =2
c <
< -0.2 -0.1
-0.3 , , , _ i .
-5x10° 0 5x10° -3x10 0 3x10
Output Signal (Volt) Output Signal (Volt)
(a) (b)

Fig. 2.13 Typical calibration curves used @@y Gold sample (b) Ni sample
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2.2.10 Some challenges in the measurements

The experimental realization of the structure hallenge, since free-standing metallic
structures on a micro and nano scale need to lrecdsdd and manipulated [Covalev et al.,
2007]. Extra care is required in every step of smchnipulation. Several problems were
encountered while working with our micro scale neeubal structure. Not all the structures
survive during the fabrication. Beyond that, whdigpositing Ni by the electron beam deposition,
or gold by a thermal evaporation noticeable bendihthe mirror structure was observed. The
reason of bending is due to heating of the strestur the deposition chamber. Most of the time
the reflecting surface with deposit Ni or Au film ¢convex which produces a broadened beam of
light in reflection. Such reflections are very haal focus on the photodiode. However, by
introducing a small aperture some portion of lighaam can still be focused in the center of the
photodiode When the structure torts while passing current,sjhet of light on the photodiode
moves in one direction causing the shift of powldaser spot on the photodiode. Due to slightly
folded geometry of the mirrors after metal depossi in many cases, the light spot on the
photodiode was found to have a complex shape. Henvév average the spot could be used to
measure the differential voltage between the Ieft aght halves of the quadrant photodiode.
Despite technical difficulties, optimizations ofettmeasurement set up allow us to obtain

information about the current and thermal effectlentorsion
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CHAPTER 3
TORSION OF THE FIRST GENERATION MICROSTRUCTURES

3.1 Torsion with magnetic (Ni) and non-magneti¢Au) samples

As explained earlier, Ni-coated sample was usexéothe torsion effect while passing dc
current through it. The effect was observed undtler microscope by applying pulses of dc
currents. When a current was turned on, the dédlect the mirror was seen clearly, and it was
independent of the direction of the current. Asthoint, we assumed that the effect has magnetic
origin. But it was important to check whether ort tlois effect is observable in honmagnetic
samples as well. For instance, rotational effecy @ due to the interaction between individual
electric dipoles and the ac electric field as ob=sérby Faret al. [Fan et al., 2005]. Thin silver
paste was used to make contacts across the gdieldcoarror. Direct current ranging from 0.1
MA to 2 mA were passed through the structure. Inctme of Ni coating, the torsion effect was
observed when dc of 1.3 mA was applied and theefas more prominent when pulses of dc
current increase. There was no torsion effectlaasalve observed by naked eye in the case of
gold-deposited structure for the dc current of wpbout 5 mA. However, close to this value of
dc current, the torsion of the structure was obm@rihe presence of torsion in gold deposited
sample has challanged our hypothesis that theotorsi Ni-coated sample is due to magnetism
alone. In fact this experiment indicated that twsion effect in the case of Ni-deposited sample
does not have magnetic origin. There are many plessources of torques at nanoscale. Torques
on MEMS are based on electrostatic forces, theflaeluations, circularly polarized light and
angular momentum transfer by spin polarized cusré@bvalev et al., 2007]. In the context of
our observation, it was important to know the reasd the torsion in the Ni deposited
freestanding silicon mirrors and Au-deposited stregs. It is worth noting that the torsion in the

case of Ni is seen at lower currents than thedorsi the case of Gold deposited structures.
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3.2 Preliminary data for dc measurements
3.2.1 Nideposited sample

To quantify the torsion angle as a function ofrent in a soft magnetic material (nickel),
the experiment was carried on. Figure 3.1 (a) shibnts the Lock-in recorded signal from the
photodiode detector in micro volts as a functiorth@ input voltage generated from the same
lock in, and applied across the micro mirror. Hesitvalues of photo diode signal, i.e. the
differential voltages between the left and righlviba of the photodiode indicate that the mirror
torts in the same direction irrespective of theection of the current supporting manual
observations under the microscope. When the cupelses were passed, manually by the dc
current source Keithley 2400, it was clearly visilth the naked eye that the mirror would go to
the same direction for both directions of the cotréfhe data, as shown in Figure 3.1 (b)
revealed that the torsion angle depends on thes@fizhe current. The equation obtained by the
second order polynomial fit, that is shown in Fgdr1 (b) is the best representation of the data

within the operating range of the photo diode.

Photodiode signal as a function

= 800 of input voltage for Ni mirror i) 0.121 Ni deposited mirror
o o v le)
2 5
o 4
8 600 2 0.09;
e )
—-4007 2 0.06/
> > o
T @
g 2001 2 0.03;
2 S
2 o % 0.001
2 = 0.6 -0.3 0.0 0.3 0.6
g -10-8-6-4-20 2 4 6 810 -0.6 -0.3 0. : :
Input Voltage (V) Current (mA)
(a) (b)

Fig.3.1 Dependence of torsion angle of Ni depdsitécromirror, (a) Photodiode signal as a
function of input voltage, (b) torsion angle asiadtion of current.
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3.2.2 Au, and Ag deposited samples

The angle of torsion is not linear with the dcreat passed. Rather the angle seems
proportional to the square of the current as shmwiigure 3.2 (b). Also, this graph shows that
the direction of rotation of the micro mirror isdependent of the direction of current. This is
shown by the increasing output signal within certeange of positive and negative voltage.
Figure 3.2 shows the torsion angle in terms of avolts. The parabolic region of the graph in
Figure 3.2 (a) shows clearly the appropriate opagatange of input voltage. Outside the
parabolic region, the decreasing signal in bothtipesand negative input voltages indicates that
for the large torsion angle of the micromirror, theer spot moved beyond the active operating
region of the photodiode. Thermal energy seem®iribute to the torsion of the micromirror.

The tests done to see the contribution of therrfietewill be discussed later.

Operating region

V, =18.16V*3.01V+3.5

, . — 150+
915()‘ : of photodiode - é
S & o
S 100/ G2 e 2 100
s oRie! @:% =
£ Q19 : ~
= o . >o
< 50 ﬁ . -
c D < 50
2 o : 5 %
“woof ? .0 h
8_ © Laser Power = 0.4mW é) 5 04
S 50 : : : : : : = ————
C 6 4 2 0 2 4 & 3 4321012 3 4

Input Voltage (Volt) Voltage, V (Volt)
(@) (b)

Fig.3.2 Dependence of photodiode signal on thatimoltage in gold sample (a) raw data, (b)

data in the operating region

The data can be converted to the units of arglghawn in Fig. 3.3 (a) and (b) for Au

deposited and Ag deposited samples by using thieraabn equations.



25

Au deposited microstructure

Ag deposited mirror
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Fig. 3.3 Torsion angle as a function of directrent in (a) Gold sample, (b) Silver sample
Most of the time, it is seen that there is somddrgsis in the angle. The micromirror is
allowed to actuate by passing dc current in onection, and then the current direction is
reversed. While doing so, the structure shows doysteresis as shown in Fig. 3.4. It shows two
curves one for increasing input current and themtor the decreasing input current, i.e. in the

reverse direction as shown by the arrows.

3.3 Hysteresis in torsion in Au and Ni depositedamples
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Fig.3.4 Hysteresis in nesieg the direction of the current in gold sample

The nature of hysteresis in the Au samples islaimto the case of the Ni samples. In

Figure 3.5, up arrow shows the data for increasimgent where as the down arrow shows the
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data for reverse direction of current. Gold sangyd Nickel sample both show that the torsion
mirror does not go back exactly to the same paosittw the same current when the direction is
reversed. Let’s consider the case when the cuisatdcreasing from higher values to zero. Until
it goes to zero, the mirror always remains litiletlier ahead than it was for forward current
direction. It is shown by higher values of photaticsignals for the reverse current until it goes
down to zero. However, below zero value of curkehich corresponds to the initial equilibrium

position of the torsion mirror, the output signaie smaller than they were for the corresponding
current when it was increasing. This is shown kg lbwer values of the signal voltages in the
negative direction of current in both the samplesvws in Figures 3.4 and 3.5. The hysteresis
curves suggest that it would be reasonable nokpect the micromirror position to be exactly

the same for forward and reverse directions ofctireents. However, the difference in positions
is not large which suggests that such torsion maregan still be used again and again within

small difference in positions for forward and reseedirections of current.

Ni coated mirror

140+

130+

120+

110+

Output(microVolt)

Input (Volt)

Fig. 3.5 Hysteresis in reversing the directionwifrent in Ni sample
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3.4 The possibility of heating effect, and itsest

Despite their differences regarding their magnegtioperties, both nickel and gold
deposited micro mirror structures showed torsionvburrent was passed through them. It is
obvious that the beam-structures get somewhat th@dten current passes through them due to
their electrical resistance. Since the photodiageads are the functions of torsion angle that
depends on the applied current, they are functidnise electric power too. Figure 3.6 (a) shows
how the output signals for Gold sample of resisa@6.9Q) depend on the electric power
through it. Four different lines show the outpwgrsils for increasing and decreasing current in
one direction, and also increasing and decreasimgerts in the reverse direction. The linear
region as shown in Figure 3.6 (b), and also thealirfit of one of the curves as shown in Figure
3.6 (c) corresponds to the well behaving parab@gion of the output data. It shows that the

torsion angle is proportional to the electric poapplied.

Operating region
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Fig. 3.6 Signal that corresponds to torsion an@eas a function of electric power; (b) linear
region for useful data; (c) linear fit to the awggalata of linear region.

It was desirable to check if there is similar eattof output signal if the sample is heated
by other thermal source in the absence of curfeotgh the sample. If there is a contribution to
heating effect, a hypothesis at this point wouldHze the signal varies in the same fashion as in

the case of electric power when the sample is Heape A separate powerful source of green
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laser was used to thermally actuate the sampleen&itive detector was calibrated against the
available power meter, and it was used to measwerdoiv power produced by attenuating the

power of green laser with the help of a set of ts.

Output signals were recorded after approximategrgt0 seconds after the power of the
green laser was changed every time to let thegregaigate through the rectangular structure to
the beams supporting the structure. This would giveost the same exposure time for the
sample to different power of the laser to allow adime for its thermal expansion. Figure 3.7
shows the increase in photodiode signal indicaliigger torsion of the structure as the optical
power falling on it is subjected to increase. #snalso observed by the naked eye that the mirror
rotated, which was confirmed by the change in tiput signal on the Lock-in. This test shows
that there is definitely some contribution of thatneffect to expand the metal layer which

produces torsion of the micro mirror structures.
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Fig. 3.7 Torsion of micromirror with Au deposit dras a function of optical power used to heat
the sample
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While using green laser to heat the sample, angerdilter was used to block the
reflected green laser from the sample to make thatethe green laser didn’t contribute to the
intensity of the laser spot focused on the photdeliorhe effect of heating was also tested in
another way. For different sets of data, diffeq@mwer of green laser was used constantly. Figure
3.8 shows the data without the green laser; andswte of data with green laser at different
power levels. These data reveal that the torsighemirror is higher for the higher power of the
green laser used for heating. This indicates thetetis definitely some contribution of thermal
effect in the torsion of such micro mirrors. Aftdre green laser, the heating source, was
removed, the data was taken again with the red @dg as was done in the first experiments.
The output signal didn’t revert back to the origidata without the green laser. This may be due

to some change on the surface geometry of delinatestructure due to heating.
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Fig.3.8 Torsion in terms of micro volts as a fuontof input voltage at different power levels of
green laser used for heating the Au sample. Alsaltita before the use of green laser and after it

was removed are shown
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An aperture with circular shape of the diametealodut 2 mm was used right before the
photodiode to form a laser spot of a regular slwapthe photodiode. This hole definitely limited
the laser reflected from the sample. The inflexpomts at maxima seen in each curve in Fig. 3.8
are due to this effect. So, the data showing thahmdic parts are only the data that may
represent the rotation of the micro mirrors. Tlsighe reason why only the parabolic part was

used earlier to find the useful relation betweenrtitation angle and the input current.

3.5 Higher current limits

Both Ni and Au samples have shown torsion effégtile we understand that there are
some common torsion effects in both magnetic and-magnetic samples, some of the
mechanisms responsible for the origin of thesectffaare to be understood. Importantly,
however, for the possible use of such torsion inMME it is desirable to have large torsion
angles. Survival of the structure is a matter ofoawn for such torsion because it needs to be fed
higher current. Surprisingly, the Au depositedc®iti Nitride (SiN4) mirror did not break up to
20 mA of direct current. The test done for higherrent than 20 mA will be discussed in the
next section. It would require separate calibration. While pagdarger currents manually, one
could hold the mirror in the position it reachesdmytinuing the same current. The rotation stage
angle is set in the reverse direction so that dhation stage can bring the position of the mirror
back to the original position. The stage is rotaiatll the lock-in reading is the same as in the
initial position of the mirror. The angle of rotat of the rotation stage corresponds to the angle
of torsion of the mirror for the current being us@dset of data taken this way is shown in Fig.
3.9. The fit of this data can be used to prediettorsion angle for 20 mA of current up to which

the mirror was strained to show torsion.
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Fig.3.9 Torsion ofcmomirror with Au sample for higher current
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Using the fit shown in the Fig. 3.9, the torsiorgke for 20 mA current comes to be 5.5
degree. On the other hand, the motion of the reftedight from the sample was clearly
noticeable and traceable on a sheet of paper asaime distance of 15 cm as the photodiode
from the sample. One end of the light strip washitowed and projected on a white sheet of
paper. The deflection of the end point was marlefdre and after the current was passed. It was
about 2.6 cm. Considering a right angled triangléh vadjacent side of 15 cm, the distance
between the sample and the photodiode; and thesappaf 2.6 cm, the angle of deviation of
reflected light was found to be 9.83 degree whgchdauble of the rotation of the mirror. Hence,
the rotation of the mirror was found be to be 4egrée which is just about 11% different than

the actual measurements. This agreement suppertsotifidence level in the measurement of

the torsion angle of the mirror.
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3.6 Direct measurement of torsion angle for higér currents

As higher currents were passed through the saraptereflected light was projected on a
screen at the same distance as the photodioddefleztion of the reflected light became more
apparent to the naked eyes. When the current meduon using a dc current source (Keithley
2400), the light (taken for one end point of theilie light strip) deflects on the screen. Initial
position of this end is marked on the screen, dieat the light deflects it can be brought back by
rotating the rotation stage in opposite directignthhe same amount as the deflection of the
structure. This is done by controlling the rotatgiage by the LabView interface. The restoring
angle of the stage, where the sample was kept fuartically along its axis of rotation,
corresponds to the torsion angle of the struct@iace the stage needs to be rotated in the
opposite direction of the torsion, the angles carntdken as negative compared to the torsion

angle. This is indicated by the negative anglesvshia Fig. 3.10.

55 Torsion angle for high current
for Au coated mirrors

® =-0.02 I’+ 0.21 1+0.02

Rotation Angle, ®(Degree)

0 5 10 15 20 25 30 35 40
Current, | (mA)

Fig.3.10 Direct measuremertoe$ion angle by restoring it by the rotation stag
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Since the deflection of light spot on the scréanthe application of low currents was
too small to be observed by eyes, the initial lockeading was taken as the reference point
which is achieved by the back rotation of the sangphge. The restoring angle of the stage is the
torsion angle. In this regime, the measurementsi@raccurate. However, for the larger currents
the deflection is clearly distinguishable, and testoring angle is taken directly by bringing the
deflected light back to the reference mark corredpay to the zero position (equilibrium
position of the mirror). Thus confidence level imstregime (15-35 mA) was high. As shown in
Fig. 3.11, point “A” is the position of the end i&flected light as projected on the screen before
the current was turned “on”, and point ‘B” is thesfiion of the corresponding point after the
current is turned “on”. This means that point “Adrcesponds to the zero position, and point “B”
corresponds to the excited state of the mirror-betaocture. For further “off’ and “on” of the

same amount of current, the light beam moves exaxtoints A to B respectively.

“A” - Position when the current is OFF

“B” - Position when the current is ON

Fig.3.11 A photograph showing the initial and fipakitions of the tip of light

before and after 20 mA of current was turned off an
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Again, for the region of high currents (more ttf8nmA), there was some distortion of
the shape of the reflected light. This might be thuéhe slightly convex surface where the light
might have been reflected from nearby points btitemactly from the same point as before. This
can also be considered as the experimental limrtatif aligning the sample exactly on the
rotational axis of the stage. This might make thmgle shift by few microns from its original
position, and it might be the cause of the charfgeeshape of the reflected light. This caused
slight deviation of the data points from the fitthis regime (35-40mA). Considering the fitting
shown in the graph of Fig. 3.10, one can find thesion angle corresponding to 20 mA of
current which comes to be 5.3 degree. Compareldet@arlier measured values, this value is in
close agreement by 3.6% less than 5.5 degree, .26l Bore than 4.9 degree. This shows the
consistency of the measured values of torsion anfgie high currents. The gold deposited
structure survived well beyond this value and sthibthe torsion faithfully up to 40 mA of direct
current. However, after the structure was cycledaple of times by turning this current on and
off, the structure lost conductivity. The curret3@ mA gave the torsion of 26.3 degree which
is way above the desired angle for the applicatinesded for MEMS. According to these
measurements the useful torsion can be produced befyw the breakdown current limit

demonstrating the possible use of torsion in suinamirror structures.

3.7 AC measurement technique and assumptions

From a function generator, alternating currentarying frequency is passed through the
micro structure as shown in Fig. 3.12. While pagd\C, the mirror beam structure is expected
to oscillate, and a resonance is expected whersupplied frequency is equal to the natural
oscillation frequency of the system. When the rasoe takes place, the amplitude of the

photodiode-output voltage goes to the maximum value
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Attenuator Reflecting Mirror

Laser

Rotation (S

Function
generator control

Fig.3.12 Schematic for measunenoé possible resonance due to alternating current

3.8 Estimation of the resonance angle

When alternating current is passed, the osciliaiioexpected to be enhanced so that the

torsion angle would go higher. Magnitude of thiglanbecomes the highest at the resonance

frequency. An estimate can be made for this anigie. general expression for the torsion angle

of the structure is given by the following expressiThe variables appearing in this expression

are explained in Appendix A (I). The torsion anigle

a,(@) =

hPI

2q

2kG,h’b ,, 1 s 1 s 1 5 ,  KJ _,
——= — —w(— pBhL +— p.bh°L. +— p.bh’L +-——w
\/[ L (12pS| 24pS| F 24p8| NM)] QZ
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When we set the term inside square brackets tajbal €0 zero in resonance (= w,), we get

the expression for the resonance angle when altegnaurrent is applied.

1P,
29
a,(@,)=———,
KJ
Q *

On the other hand, when direct current is passed (), this leads to the expression for torsion

angle for dc current as:

1Pl
2q

2k,Gh’b
L

a4 (@=0)=

From the above expressions, we get the ratio as:

a,(@,) _  Q 2k,Ggh’b

O’O dc wo \ K‘] L '

o2 k,Gg h®b

Wher =K for the double torsion bar. On substituting thadue, we get a simple

expression relating torsion angle for dc to theitor angle when the system is at resonance as:
_ Q [K _
a,(@,)=a,, w—o 7 wherew, = 21f,,

J in the above expression can be replaced by thengdeator of the following expression.
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2K ,G<h’b
w. = 5: L
NN p_@w_hSLBw_bsLihw_thLl '
Si 12 Si 12 Si 6 Si 6

However, taking an approximation as b<<L, and h<we can writd :1—12,03iBhL3 .

Putting the values fopsi = 2330 Kg/ri, and for the mirror used for the Au sample B =.291
gm, h = 0.5um, and L = 388.1m, we get approximatelﬁ =107°. For the structure we used,
ki = h/b = 0.07 for b = 6.5m, and G; = 65 x 10° N/m? for Silicon. If we take Q = 10,10

KHz [Li, 2005], we find that the torsion angle &sonancex, (w,)is enhanced by about 100
times compared to the torsion angle due to the samount of dc current. If we eliminai;?g%

by @, we get a simplified relation as:
a,(@,)=Qa,,,

If the quality factor Q is 1000, the torsion angleenhanced by thousand times. This shows that
the alternating current can enhance the torsioreabyg several orders of magnitude. So, the
micromechanical mirror can be actuated by altengatiurrent to measure too small angles that

may not be obvious while using direct current.

3.9 Estimation of the resonant frequency

Some preliminary AC measurements were taken whdeking previously with the Ni
coated samples. For these samples, different paessneere taken as;k 0.23; Gg = 65 x 10
Pa; h = 5x10 m; b = 7.6x10 m; L = 3.826x10d m; p for SisN4 = 3440 Kg/ni; B = 2.93x1¢

m; and 4=1.039x10" m. Using these values, the resonant frequencstimated to be about 894
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Hz. For the samples with different physical pararetwe can anticipate different resonant
frequencies.

Despite the expectation of resonance phenomeratimtion of microstructure while
passing ac current, practically the structures wetsd over damped. No oscillations were

observed, and it was not possible to find reson&ecgiency.

3.10 Conclusions for preliminary microstructures

Micromechanical free standing mirror-beam struesuiof Silicon Nitride have been
fabricated. These structures were coated with Nliblgeelectron beam deposition technique to
the deposition thickness of 500, and with Gold by thermal evaporator to about slaene
thickness. All of these structures show torsion nvberrent is passed through them. The torsion
direction has been found to be independent of tteetibn of the current. The torsion angle is
typically proportional to the square of the applgicect current. A technique to measure such
torsion angles has been developed. LabView prograers developed to produce auxiliary dc
voltage output from the lock-in and to record ttjodiode output signals through the lock-in.
The torsion angles as a function of direct curdeave been measured for nickel and gold
samples. Heating effects have been found to prostaee contribution to produce torsion. On

the other hand this does not seem to be the onlyecaf the observed effects.
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CHAPTER 4

DESIGN AND FABRICATION OF MORE PRECISE, THE SECOND GENERATION
OF MICROSTRUCTURES

In the previous micromechanical mirrors and thesneements as discussed earlier, we
encountered a problem of mirror folding while dapng metal on them. Thinking that reduced
size of mirrors would make the mirrors sturdier aathain flat on metal deposition, improved
mirrors with square shape were designed and fabdc@m more systematic way with smaller
dimensions of 150umx150um. In order to see howdrson angle depends on beam width of
the mirrors, five different beam widths (8, 10, 115 and 20 um) were designed in the new
fabrication of the free standing mirrors. The timeks of silicon nitride and the thickness of

metal deposition were altered presumably for mgstesnatic results in the measurements.

4.1 Design of more precise micromirrors

More systematic design of micromirror structureswecessary to understand the torsion
phenomena in detail. During deposition of metaltlos surface of micromirror structures in the
previous design, bending of the mirrors was fouwdrg time. The convex reflecting surface
caused wide reflection that always created prohlemetting a sharp spot of reflected light on
the photodiode during optical measurements foidarangle. Reducing the size of micromirrors
might solve this problem, thus a new design of ondrros was proposed. The layout was
designed using design software nhamed LASI. Oneutagbsuch design consists of 5 mirrors in
a column with 5 rows. The mirrors are 1AMx150um in dimensions which are supported by
beams withdifferent widthsviz. 8, 10, 12, 14, and 1@n. These freestanding mirror structures
are made of silicon nitride layer, and they arepsnged in KOH etched silicon wafer. The size
of the top opening of the wafer is kept to be I®8500um. For this opening on the top, the

opening on the bottom has to be 1124x924um. The rate of etching of silicon at 54.7 degree
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with the (100) plane is much faster than in otheeadion which is schematically shown in Fig.
4.1(a). Due to this the etching from the bottontoj of the wafer goes as four sided pyramid as

shown in Fig. 4.1 (b). The dimensions at the botemendesigned for 30@m thick wafer.

W

<+“—>

+—>
54.7° y W

(@)
(b)

b

Fig. 4.1 Schematics of KOH etched hole of Si wé#gmwider etch at the bottom than at the top
of the wafer, (b) square hole with bigger openihtha botton of the wafer after etching.

If we consider the top opening with one sideand the corresponding side at the bottom
as w, then they are related to each other throughtttfeérey angle by W= wy-2 h cot 54.7,

where h is the thickness of the silicon wafer.

4.2 Mask design

For the lithography and fabrication of microstrues) four layers of masks were
designed by usindgtAyout System for Individuald.ASI) software. Each layer of mask was
designed with specific purpose which are discussetishown in Appendix A (1l). Figure 4.2

shows the unit cell of mask layers.
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4.2.1 Unit cell of all layers

d)

Fig. 4.2 Unit cell of design of mask (a,b and @aate layers; and d: all layers together)
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4.2.2 Design of four dies and trench

It would be useful to put four dies on single wdi®m cost —viewpoint and for more
yield of the micro structures. Trench between thes dvould help to separate each die in the
wafer so that it would be easier to handle the anisamples. For this purpose, trenches were
designed between the dies. The trenches were @eksigmm the bottom. As shown in Fig. 4.3
the trenches were designed to be only ii0deep so that the remaining 200 wafer is still
strong enough for handling during processing. Thdth for the trench at the bottom is
determined by the relation, x = d tan 358here “d” is the depth of the trench to be etcfieth
the bottom of the wafer (we used 3@ thick Si wafer)This calculation gives the width of the

trench-opening at the bottom as 7018

DN
\V

d =100um

1
l 200um

Fig.4.3 Trench desigr etching from the bottom of Si wafer

4.2.3 Some important distances in the present desig

The following parameters were used to use the S&mappropriately for the maximum yield of
the micro structures, and to divide the wafer lepthes into four quadrants.

Diameter of the wafer = 4 inch = 101.6mm

Thickness of the Si wafer = 30

Distance between the edge to the nearest KOH etglmetbw = 12.48mm

Distance between the trench to nearest KOH etcliedow = 9.36 mm

For clarity, these parameters are shown in Fig. 4.4



43

9.3mm Trench

O00 @ D¥
12.4mm

Fig. 4.4r8@important distances in the present design

4.3 Fabrication Steps of Silicon Nitride freestading mirror-beam structures with Au

deposition

Photolithography was used to fabricate the freelstanstructures. Low stress silicon
nitride layer was made on the front and back oW&ier. Then Au layer was deposited on the
front surface. Contact photolithography was donghmnback surface to mark the areas to be
etched. After this, SiN on the back on these marks etched. Photoresist stripping was done on
the front in such a way that the photoresist resairother areas than the mirror pattern. Then Si
on the back was etched by KOH to open the windoms taenches. After this step, contact
photolithography was done on the front on Au swefasing mask Layer 2. Gold wet etch on the

front was performed afterwards to leave the Auguatt. After this, silicon nitride was etched on
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the front to leave gold coated SiN freestandingronistructures. Finally, Photoresist Stripping
was done to remove photoresist remaining on theofofu pattern. The detail of micromirror
fabrication steps with schematic figures is givei®ppendix A (111).

4.4 Dimensions check of the yield, and thicknesseasurement by AFM

Optical images of some of the microstructuresrdétlrication are shown in Fig. 4.5.

Length = 247.12 ym

Length = 120.53 pm

Length = 698.41 pm
Length = 15.97 pm

45 pm

8 Length = 499.00 ym ]
'fl Length = 1 Length = 151.40 ym
i

| Length = 147.45 pm %
)

.29 um

gth = 112.58 pm

Fig.4.5 Image taken by optical microscope showing of the micromirrors after fabrication.
The figure shows the micro mirror and its suppgrtineams coated with Au during
fabrication.
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AFM was done to confirm the thickness of the Ayela Tapping mode of AFM gave the
step height of Au layer to be close to what wasediro deposit. The Au thickness was found to
be 49.53nm, i.e.495.3A which is close to expectickhess of 500 A. Thickness of gold was
measured at different locations, e.g. on the wamegd on the contact pad. Three different
thickness measured were 49.53nm, 54.63nm, and @m.7Zhose average value comes to be
50.63nm. Hence, the thickness of gold is in tatigekness of 50nm within experimental errors.

Fig. 4.6 shows AFM picture of thickness measureroéntu layer.

Stepheight

I
0 10.0 20.0 35.0

pm

Step height
49.526 nm

MEASURE

1i-073109-goTdthickness . 003
File: default

Fig. 4.6 measurement of thickness of Au layer dé&jmm on the microstructures by using AFM
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CHAPTER 5

TORSION MEASUREMENTS WITH NEWLY FABRICATED SECOND
GENERATION OF MICROMIRRORS

5.1 DC voltage generation from Lock-in amplifier
An auxiliary dc output in steps was generated frbotk-in by Lab View control
program. The voltage steps swinging from -3V to +8¥ shown in Fig. 5.1 (a) and from +3 V

to -3V are shown in Fig. 5.1 (b). The voltage gtmesero between these values.

Voltage (V)
> 9 "
Voltage (V)

N
1 1 1
w N [ o
N !

0 5 10 15 20 25 30 35 40 0O 5 10 15 20 25 30 35 40
Time (s) Time (s)

Fig. 5.1 DC voltage supplied from Lock- in at theps of 0.5 V from (a) -3 V to
+3V; (b) +3 V to -3 V to actuate the microstrueur

5.2 Response of mirrors for different input sigals

Function generator was used to supply differenterarms to the microstructure to see
how the output signal corresponds to the inputaigype. Oscilloscope (Tektronix AFG 3021)
was used to record the input and output data. Ei§u2 shows that the output signal is square
wave when the input signal, which is the actuasignal, is a square wave. This shows the

proper response of photodiode signal in phase téhnput signal as expected.
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—— PD signal
20- Actuating signal
:@ 15+
S MWWWWW%
S 10-
g
8 5
e N R N
R 0L S—
2
S -5
E
< .10

05 10 15 20

time(sec)
Fig. 5.2 Correlation of PD output signal due tauation of micromirror to the actuating
signal

Figure 5.3 shows that the photodiode signal whmenimput signal is the sine wave of
frequency 1Hz from the function generator. The atgggnal shows that the mirror is in state O
(Lowest voltage) when the input has zero volt. #ar input voltage above zero the oscillation
follows the input wave which is seen on gradualngjgaof output signal. This means that the

microstructure oscillates in correlation to theuhpignal as expected, and in the same direction.

— PD signal
Actuating Signal

. 8 Zero level of
= ©1 photodiode
8 4 D ; |
<5} Lo, signa
© 24 ,HHHM\\ 1‘3 ﬁ'ﬂm
3 ,HJ IH’J \R Kwr)_//
i O_Hﬂ R k "
g2

-4

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 45

Time (s)

Fig.5.3 When the mirror is actuated with a sine evdakie output signal from the
photodiode is in phase with with the input sigif@he input signal used has f= 1Hz)
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The effect of triangular wave as actuating sigeathown in Fig. 5.4. When the input
signal is at zero Volt, the mirror is in O state, ithe equilibrium state, and displaces more as th

input voltage increases, and returns graduallyasnput voltage decreases.

—— PD Output
Actuating Signal

8

MMMWWW%WWMWWW Zero level of
= 67 —
;; 4l photodiode
()] .
5 Z-M Slgnal
S 0
£
< -2

-4

06 09 12 15 1.8 21 24
Time (sec)
Fig. 5.4 PD signal (blue) when theuating signal (red) is triangular wave of f = 1Hz
For the saw tooth wave as actuating signal, Fig.shows the corresponding photodiode
signal. The lowest point of output signal corregpomo zero of input signal, and for positive

voltage, the rotation of mirror is represented bg butput signal. These dynamical responses

show that the output signals are in phase withattteating signal.

—— PD signal

10- — Actuating Signal

8-
3 MWW»WWW Zero level of
S5 6
T " photodiode
S/ cigna
= o-“f ’ e
S
< 2

-4

1 2 3 4 5 6 7 8 9
Time (s)
Fig. 5.5 PD signal (blue) when the actuating sigred) is saw tooth wave of
frequency, f = 1Hz
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5.3 Measurements of switching time

When certain dc current is passed through thetsirg, it actuates from its initial state
(state 0) to final state (state 1). The switchimgett of the mirror is important parameter to
know. It can be hypothesized that passing curgeanalogous to the charging of a capacitor, and
turning current off which allows the mirror go batk its initial position can be assumed

analogous to discharging of a capacitor.

Experimental set up for switching time is scheoaly shown in Fig. 5.6. As the mirror
actuates, the reflected laser from the mirror wiials on the difference photodiode is converted
to electrical signal. An oscilloscope is used tcord how the output voltage changes with time.

Figure 5.6 is schematic for the switching time nueasient.

switch
Y
micro mirror I:l
LASER
Oscilloscope
Differential
photodiode
(@)
AC from function generator
micro mirror | |
LASER
Oscilloscope
Differential
photodiode
(b)

Fig. 5.6 Micromirror actuation by (a) manuallly) ac signal from function generator
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The mirror was actuated in two ways. First, it veasuated by passing dc current from
current source (Keithley 2400). The data and theefcam were recorded. Again, the mirror was
actuated by passing ac of certain frequency frdomation generator. The data and waveforms

were recorded again.

Figure 5.7 shows the output signal from the phioel (PD) when the mirror was
actuated manually. Fig 5.7 (a) shows oscilloscepeen showing the state change of the
photodiode signal when the mirror goes from off §@%¥ition to on (1) position; and Fig. 5.7 (b)
shows the opposite action, i.e., from state 1 abesd. The micromirror is stable in either state
which is shown by substantially constant amplituthesach state. Absence of oscillations after
switching shows that the system is heavily/oversdagh This may be useful when 0 and 1 sate

are needed by switching action in the system.

On

Off Off

M 2.50ms M 10.0ms

(a) (b)
Fig. 5.7 The photodiode signal when the currentpBe@ to actuate the micromirror is

switched on and off manually, (a) when mirror g&resn 0 (off) to 1 (on) position, (b) when
mirror goesfrom 1 (on) to 0 (off) positic

Switching time when the mirror actuates from @ tetate can be measured quantitatively

by finding the time constant of the switching anti€onsidering as charging a capacitor as the
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mirror goes from 0O to 1 state as shown by the chamgignal amplitude in Fig. 5.8, the time

constant for one of the mirrors with beam widtt26fum is found to be 1.03ms.

(1-1/e) of V

On

Off

o !

o

1
—_—<

-0.008-0.006-0.004-0.002 0.000
Time (sec)

Relative Signal Amplitude (arb unit)
o
a

Fig. 5.8 Switching time constant of electricallyweated micromirror (beam width = g2f) when
the current is supplied turning the switch on drmo&nually

As a cross check, the time constant was measureattoating the microstructure by
passing actuating signal of 1Hz from the functi@merator (FG). Fig. 5.9 shows the input and

output signals with the measured value of time tamif 1.17 ms.

Output Signal from PD

Relative amplitude (arb unit)

0_ ! Input Signal from FG
-1+ e
0.000 0.004 0.008 0.012 0.016

Time (Sec

Fig. 5.9 Switching time constant of electricaluatton of micro mirror (beam width = 20
pum), while using actuating signal of 1 Hz from thaction generator, time const= 1.17ms
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5.4 Torsion angles as function of current for dierent micromirrors with different beam

widths
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Fig. 5.10 Torsion angle as a function of Curreott different beam width, b of free standing
structure (Top Row» Left: b=8um, Right: b= 10um; Middle Rew Left: b=12um, Right:
b=16um; Bottom Row> Left: b=20um, Right: combined plot of angles fdirraicrostructures

observed)
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Figure 5.10 shows the measurement of angles @scéidn of current for micromirrors of
beam widths 8, 10, 12 16 and 20um. Parabolic custiesv that the torque experienced by the
free standing structures is in the same directiombioth directions of current. It has been
observed under optical microscope that the chamgarrent direction doesn’t change the torsion
direction. The last of Figure 5.10 is the combin@dt showing torsion angle of all the
microstructures in the same scale. This shows thdahe same current is passed to the
microstructures of different beam widths, then titvsion produced in the structure of smallest
beam width is the largest, and the torsion angkesgtown as the beam width increases. The
curves for 8, 12, 16 and 20um wide beamed strucimeethe experimental data. They are
following certain pattern, and the analysis of thairvatures can be helpful in predicting the
curvature of such parabolic curves for microstreetaf 150pum x 150um, and with different
beam widths. This method can be used to find torgingle of any microstructure of this
dimension but with different beam widths. Aftetifiy these curves, we get the fitting equations.
The coefficients of the quadric terms give the atuve of parabola. So, the coefficients of these
guadric terms were taken, and plotted as a funafdseam widths which are shown in the Fig.
5.11. The fit equation of this curve gave the relabf the coefficient (C) with the beam width
(b). It was found to be: C = 3.521*# where b is in pm. The parabolic dependence ef th

torsion angle on the dc current that is passecatisate the mirror allows us to write the torsion

2

angle in degrees @s= C F. Using the above equation we can wifte 3521#, where lisin

mA and b is in micrometers. This empirical relatimedicts the torsion angle of micromirrors
with dimensions of 150um x 150um but with differéram widths when current | is passed

through them. Using this technique, the torque es@br the structure with 10um beam width
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has been predicted and plotted together with tipemxental data as shown at the last of Fig.

5.10. This falls in the right position of the pattdor different structures.

0.16-

o

[EEN

N
1

C =3.521 b™**

Coefficient of square term, C

0.0 —m7m8¥ ——F———
4 8 12 16 20 24
Beam width, b (um)

Fig. 5.11 Coefficients of quadratic terms as a fiomcof beam width of micro structures

5.5. Torque estimation as a function of current

3 o0
For rectangular torsion bKr, = kGh'b , Wherek; :E(l—gzh Z istanh@). In
4 L 3 ™ b, AEs N 2h

case of narrow rectangular cross section b>>h sat tthis expression reduces
tok, :%(1— 0.63%). For the experimental values of the beam widthstamknessesh/b<<1

and thus the coefficierkt; is practically constantMinhang Bao, 2005]. The torque produces
torsion in the torsion bars so that the mirrorsuatd. Since torque is proportional to torsion
angle, and also it is proportional to acceleratidncan be said that the acceleration is
proportional to the torsion angle. Accelererometiease been developed based on this. So,

knowing torque of such micromechanical mirroraigportant.
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The torque T = § .@ = 2xKxGxa&xb/Lxd can be calculated for $i, by using the
value of shearing modulus G = 1.27%1R/m? thickness of beams a = Qm, beam widths b =
8, 10, 12, 16 and 2@n, length of each beam L = 1%, and using the values of the torsion
angles measured for these microstructures. Therf&dts introduced for two beam structures of
the freestanding mirror. Since the torsion anglesewneasured as a function of current passed to
actuate the structure, the torque can be expressea function of current as well. From the
analysis of the coefficient€ in the expressiom> = CI? of the parabolic fits of the curves in
Fig.5.11, we found tha(b) = 3.521b™>2whereb is the size of beam width jrm. This leads to
the expressiofl = (K:Ghb/L) (3.52/8°3 12, resulting in a series of parabolic curves as stiow

Fig. 5.12 with the magnitude of torque on the omfet0** Nm.

0.18-
0.15{

N 0.12—-
'90.00
X 0.06-
0.031
0.001
06 -03 00 03 06

Current (mA)

Torque (Nm)

Fig. 5.12 Torque of micromechanical mirrors (tB0x 15Qum) as a function of
actuating current.

For a given current passing through the freestandiructures of different beam widths,
it would be interesting to know how the torque deggeon the width of the beam. This will help

to design suitable beam width of the structure ddp®y on the need of the torque while passing
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certain current. The curves shown in Fig. 5id@icate that the torque for a structure with a
narrower beam is larger than for a structure withider beam (at the same current), as expected.
The estimates above work well for all beam widtiscept for the beams of less than 10um
wide, for which the torque calculated based on itieasured values of torsion anglés
increases disproportionally faster compared tostinectures with wider beams. In general, for
constant | and for h<<b, we get T~17¥.
5.6. Moment of inertia of microstructure as a furction of beam width

For knowing the inertial resistance of the freendtag micro structure to rotational
acceleration, one can find the moment of inertiactyhfor the geometry of the micro structure

with mirror plate and two supporting beams, is gibg the expressions:

b’Lh oo h’bL,
12 SN 12

pSIN

b’ Llh hbl,

= Psin——F Py —— T (Ly= Lo for this design of microstructure)

L°Bh h’LB

Jiirror = Psin T + Psin ETH

Where J; = Moment of inertia for one beam with length L1d¢ b, thickness h;
& = Moment of inertia for the other beam with lengf) width b, thickness h;

J miror = Moment of inertia for the mirror plate of lengthand width B (in our case,

L = B) for SN, with density ofpsin.

For the structure being used, L1 = 175um, L2 =pti@5h = 0.4pum, L = 150um, B =
150pum, andsisng= 3440 kg/m. Using these values the total moment of inerti¢hefactuating
system J = J+ Jo+ Jnirror Was calculated for five different sizes of b, viz= 8um, 10um,

12pum, 16um and 20um. Sinde; + Ji2 << Jmiror , the moment of inertia is only weakly
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dependent on the beam widths, varying from 5.878160 5.84x1G° kgm? for b = 8um and =

20um respectively.

5.7 Electric Power dissipation in the mirror-bean structure

One of the reasons of actuation of free standimgombeam structure while passing
current through it could be due to electric heatimgt expands the structure fixed at both ends
resulting its torsion. In this context, it is impamt to know the amount of heat dissipation in the
structures of different beam widths. The resistanafethe structures with Au deposition were
measured which were found to be 200487.56&2, 14.721), 11.1632, and 9.028 for the
structures with beam widths of 8, 10, 12, 16, afgir2 respectively. The electric power
dissipation, P= I°R,, calculated as function of current supplied, isvemdn Fig. 5.13. The
curves show that the power dissipation in the stines with narrower beam is greater than in the
structures with wider beams. This correlates whk tigher torsion angles in case of the
structures with narrower beams while passing curré@his correlation also serves as an
additional indication of the role of thermoelectaffects in the actuation of these structures by

electric current.
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Fig. 5.13 Electric power as a function of curranthe free standing mirror-beam structure
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5.8 Resistance of Au layer on the microstructuseas a function of beam width

Resistances of the microstructures were measutechvseems decreasing with beam
width b as shown in Fig. 5.14. Smaller resistantevidler beamed structures will dissipate
smaller joule heating which might be one of the semuof smaller torsion angle of wider

structure due to less expansion causing smallst tiithe structure.
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Fig. 5.14 Dependence of resistance on beam widtfis@ standing structures

5.9. Torsion of freestanding microstructure in Gallum stands

One of the micro mirrors was detached from thev&er and was placed its two ends on
Gallium at room temperature so that the microstméctstands freely, and the ends of the
structure are free to move along their axes in dage structure expands while passing current.
DC current was passed starting from few micro aemeand increasing until the structure
showed some torsion. The mirror was observed uopiécal microscope. The structure showed

clear torque when 7mA of current was passed thraugrhe actuation was similar to the case
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when the beams of the mirror were fixed at bothsewith Si wafer. When the current was

passed, the microstructure would tort in one dioecand when the current was turned off the
structure would go back to its initial position.i$hwas observed for repeated actuation by
manually turning the current on and off.

The reason to check this qualitatively was to khéc¢he torsion is seen when the two
ends of the beam were free to move along their gkesild there be any effect of expansion
while passing current. It was assumed that liquadliGn would not be able to hold the ends of
the structure from moving along the axis if theusture and the beams expand. Despite this
degree of freedom given to the micro structuretatslency to show the torsion indicates that the
possible expansion of the structure along the blemgth due to joule heating is not the only
reason, if it is suspected, for producing the torsof the microstructure with Au coating on it.
While passing current the expansion is not onlgdim If we assume superficial expansion of the
mirror plate, then the expansion of the mirror @latong the direction perpendicularto the beam
length produces some elastic potential differeaterally which is easily released as a twist. The

linear component of elongation is helpful in triggg the twist.

The observation was carried out by cooling a nstcteture by touching the frame with
liquid Nitrogen. When the current was passed betomding, the twist was seen. The mirror was
allowed to remain in excited state before cooliagg then while the current remained passing,
the structure was cooled by touching the Si framdiduid Nitrogen. Even after cooling, the
structure didn’t come back to its initial positicand it came to its initial position only after
current was turned off. This adds confusion ondRkplanation of torsion due to heating only.
However, the Joule heating might still be effectaxeen though it was cooled by liquid nitrogen

because of existing resistance, and may be thenatiss by naked eyes under optical
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microscope cannot distinguish some change in thst.tv§o, there could be other reason

responsible for torsion apart from joule heatinlgisTheeds further careful investigation.

5.10 Discussion

Torsion was observed in micromechanical freestandnirrors (preliminary samples or
set A samples, with dimensions ~390 pumx 290 um w&hm width ~7um) coated with Ni or
Au or Ag when current was passed through themalt abserved and measured in another set of
samples (set B samples) with the mirror size 150180 m and with different beam widths (8,
10, 12, 16, 20um), and was found that the torsimalyced is bigger in the case of the samples
with narrower beam widths. The torsion angles asation of current were measured for these
samples. Switching time, torque and moment of iaevere measured for the microstructures of
set B samples, and they were found in the ordemitif-second, 10** Nm and 1G° kgm?
respectively. The angle of torsion measured forsAmple (set A) when 38 mA of current was
passed is about 26 degree. The structure with Awwsiton survived until the current was 40
mA. Such a huge torsion angle is important for MEMSn the technological viewpoint. This
torsion angle is much bigger than any torsion atiggé could have been produced by any other
known effects such as Wiedemann effect, transfenaientum of spin, or heating effect alone
[Li, 2005]. Since spin torque is supposed to beeoked in hybrid wires, and such mechanical
torques change sign with the electric current dimac[Covalev et al., 2007], it is unlikely that
the torsion we have observed is due to spin tosjuee the torque we observed is always in the
same direction for both directions of the curréother interesting feature in our observations
is that a microstructure with deposition of onlyeometal, so far tested with nickel, gold and
silver only, can actuate appreciably, and the anftersion is controllable by simply increasing

or decreasing the current. The actuation of cemamor is always in the same direction which
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may be related to the asymmetric structural sttenfithe SiN, membrane. Once the structure
is actuated it remains there stable until the eurie turned off. In case of our mechanical
system, there may be several sources of actu&iomtraction of SN, due to electrostriction on
applying the electric field E, and superficial erpin of metallic layer due to Joule heating on
passing dc current may work together for produaffgctive strain which results the enhanced
electromechanical performance as in hybrid actoaistem [Su et al., 2004]. Since the metallic
layer is constrained by $Bi4 layer, the nonequilibrium strain causes a defoionatvhich finds

its lowest energy after the freestanding systememakrsion by certain angle which seems
dependent on the applied current quadraticallycé&the electrostriction of N, is proportional

to B, where E is the electric field applied ta/%i, and the thermal strain on the top layer is also
proportional to{, it is reasonable for the effective strain to bepprtional to T, which seems the
reason of why the measured torsion angles are propal to the dc current passed through the
structure. However, the applied electric field ofK¥/m on 0.5mm long $N4 structure of
electrostriction coefficient of 0.17xTd m%V? [Rattikorn et al., 2002] seems to produce a strain
of 0.7x10™ which may be too small to produce such a largsidgareffect observed. Maxwell
Stress compression may also be too small becausts giall magnitude compared to the
observed large torsion. Out of three effects known to prazlua quadratic behavior:
electrostriction, Joule heating and Maxwell Stressnpression [Choi et al., 1992], the
elimination or the negligible effect of electrostron and Maxwell Stress compression leaves the
third effect, the Joule heating which is mostly passible for the actuation of such
microstructures while passing current. Moreover,aaservation of qualitatively similar current-
induced torque in the gold and silver depositedromrror structures makes it unclear whether

and to what extent magnetic effects play a roladtuating the mirrors. However, torsion angles
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can be increased easily by controlling the dc currét this stage, the torsion angles that can be
produced by passing current through micromechastcattures seem to have some potential for
technological use, though the origin of such tarsi® yet to be determined. Due to the high
sensitivity of the photodiode as a detector, thecapmeasurement system we have developed
may be used to measure even smaller torques, po#shtorque produced in heterostructure of
magnetic and nonmagnetic materials as proposed. [Rulde and S. Kettemann [Fulde et al.,
1998]; Yu et al. [Yu et al., 2007] and Zolfagharkhat al. [Zolfagharkhani et al., 2008].
5.11 Conclusions and future work

Nano and micro machines utilize torsion anglesgerate. We have observed torsion in
magnetic and non-magnetic micromirrors while pagsiarrent throughhe structure. Since the
angle is easily controllable by dc current, suchiaks may be very useful. Experimentally
accessible range of torsion can be used in infaomaechnology as optical switches.

To understand the cause of actuation in more Idétaiill be helpful to study asymmetric
mirrors, may be by cutting one side of the beamsthér understanding of torsion phenomena in

these samples will be helpful for potential usswth micro structures in MEMS technology.
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PART Il
CHAPTER 6
SPINTRONICS: EVOLUTION AND PRESENT DIRECTION

6.1 Introduction

The term “spintronics” was coined by S.A.Wolf ing®for spin electronics. Its research
relies on the results obtained in diverse areaphykics such as magnetism, semiconductor
physics, superconductivity, optics and mesoscopigsics; and establishes new connections
between its different subfields. It involves thadst of active control and manipulation of spin
degrees of freedom in solid-state systems (Zutialet2004). The control of spin is a control of
either the population and the phase of the spianoénsemble of particles, or a coherent spin
manipulation of a single or a few-spin system. Tdsearch in this area tends to find an effective
way to polarize a spin system, measure the timevfuch the system is able to remember its
spin orientation, find a way to detect spin, andestigate the spin polarized transport in
electronic materials. Study of spin transport props can lead to the knowledge of spin
polarization of a material. In this dissertatiégint Contact Andreev Reflection Spectroscopy
has been used as a useful technique to study sefanzation of various materials with potential
for the use in spintronic applications.

Electronic devices are traditionally based on tharge of an electron. Intel co-founder
Gordon Moore (Moore, 1965) indicated that the nundidransistors in a chip doubles every 24
months. In this situation, the size of transistslsuld be reduced to make small and portable
electronic devices. Not only reducing the size, dab improving the performance of transistors
is important. With the advancement of electroeichnology, the desire and need to increase the
data processing speed, information storing capaciopw power consumption, and

miniaturization of electronic devices has inspiredearchers to develop new technology with



64

such capabilities. Use of the spin properties ettebns would enable researchers achieve these
goals. Adding spin degree of freedom would helpdnotrol current, based on the degree of spin
orientation. The devices based on spin would bevolatile and faster in data processing. They
consume less electric power and have increasedgraiien densities compared with
conventional semiconductor devices (Wolf et. al0P0 It is envisioned that merging of
electronics, photonics, and magnetic will lead pansbased multifunctional devices such as
spin-FET (field effect transistor), spin-LED (Lighemitting diode), spin-RTD (resonant
tunneling device), optical switches operating atatdertz frequency, modulators, encoders,
decoders, and quantum bits for quantum computatehcommunication (Wolf et. al. 2001).
6.2  Spintronic devices
6.2.1 Magnetoresistance

Anisotropic magnetoresistance in bulk ferromagsath as Fe and Ni was observed first
by Lord Kelvin (Thomson, 1857). He found that irepence of magnetic field the resistance of
iron was different, and it was bigger if the cutreras flowing in the direction of the field and
was smaller if the current was flowing perpendicuta the field. The difference in electrical
resistivity was due to spin-orbit interaction. Timagnetoresistance is defined ag-Ry,/R, or
RaprRy/Rap, Where R, is the antiparallel state resistance andiRthe parallel state resistance.

The better known magnetoresistance was ~1%.

6.2.2 TMR

Concept of spin polarized transport became impotia understand magnetoresistance.
Mott (Mott 1936a, b) realized that at sufficientyw temperatures, where magnon scattering
becomes vanishingly small, electrons of majorityl aninority spin, with magnetic moment

parallel and antiparallel to the magnetization demomagnet, respectively, do not mix in the
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scattering processes (Zutic et. al., 2004). A$eries of tunneling experiments by different
people (Kasuya and Yanase, 1968; Esaki et al.,)li®6inderstand the spin polarized transport,
Jullier'e (1975) measured tunneling conductance famchulated a model for a change of
conductance between the parallgl?)( and antiparallel (]) magnetization in the two
ferromagnetic regions F1 and F2, as shown in Fig. @he corresponding tunneling
magnetoresistance (TMR) in an F/I/F magnetic tujumaition (MTJ) is defined as

AR R.,. — R G — o
oup=2F _ R m_ G = Gn
Ryr Ry Gy

where conductance G and resistance R=1/G are thbglthe relative orientations of the
magnetizations in Fland FPhis model showed that the resistance of a dewdaoebe manipulated by

the relative orientation of magnetization of F1 &2

FIT I TPJ P1[ I lPE

Fig. 6.1. lllustration of electron tunneling in Ml tunnel junctions: (a) parallel and (b)
antiparallel orientations of magnetizations in denagnetic metals (arrows in ferromagnets
represent the majority spin-subbands) (Zutic et2@04).

6.2.3 GMR

Spin based electronics started after the discookgiant magnetoresistive effect (GMR)
in 1988. Albert Fert and Peter Grinberg made a gl of a nonmetal between two
ferromagnetic layers and observed that, in presehsmall magnetic field (100 to 1000 Oe), the
resistance of the system was smaller if the magmetiments of the ferromagnetic layers were
parallel, and it was larger in the case when thgmaac moments of the ferromagnetic layers

were antiparallel. This was true for both the cguafations of whether the current is in plane
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(CIP) or the current is perpendicular to the pl§@®P). They called this property the GMR
(“giant” for reflecting the magnitude of the effetiore than ~10%). Multilayered structures of
GMR can be used for non-volatile memory applicaighlartman (Ed.), 2000; Hirota et al.,
2002; Parkin, 2002). Schematics of such multilagestructures are shown in Fig. 6.2. Many
read heads for magnetic hard-disc drives are bas€dMR. IBM launched the first commercial
read heads based on GMR in 1997. This technologyeisg used in nearly all computers
worldwide. It is also being used in some digitameaas and MP3 players. Though many
spintronic applications are based on GMR effeatanéling magneto resistance devices are
potential candidates for several MRAM prototypearih et al., 1999; Tehrani et al., 2000) due
to discovery of room temperature large TMR in thamad researchers’ renewed interest in them

(Miyazaki and Tezuka, 1995; Moodera et al., 1995).

Anti Ferromagnet

Anti Ferromagnet

¥ saturation field

Conductor 10-30 Oe

AR/R -20%-50%
saturation field
10-30 Oe

Fig. 6.2. GMR and TMR structures for spin dependeasport (a) spin valve, (b) magnetic
tunnel junction (Wolf et al., 2001)

6.2.4 Magnetoresistive random access memory (MRAM)

Magnetoresistive random access memory (MRAM) haeddeatures on semiconductor
RAM chip. It stores information based on the di@ttof magnetization, and can readout the
information based on magnetoresistance. MRAM céainralata even when the power is off. It

has one thousand times faster write time than rgdady erasable programmable read-only
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memory (EEPROM) and flash memory, and has no wésnwith writing cycles and consumes

less energy. Their data access timings are 10j6tstfaster than that of hard drives (Wolf et
al., 2001). Even though the GMR was discovered@late 1980s and TMR was discovered in
the early 1990s, it took several years for theimprioved performances for realizing in

technology. Prototype of MRAM was announced in 2083first commercial product started to

ship in 2006 (Engel et. al., 2005). Today 180- &dnm standalone MRAM products are
finding more and more applications in various aredeere their unique features of being
nonvolatile fast and of unlimited endurances atalvisatellite applications, automotive data
recorders, industrial controls, etc. Efforts argang to scale MRAM technology to 65 nm for

both standalone and embedded applications (Wadi €22010).

20-30 F?

Cladding MTJ‘—: Bypass Line

Landing
Pad

Source Drain|
Si substrate

Write Wérd Line
Fig. 6.3. Schematic drawaigiRAM (Wolf et al., 2010)

6.2.5 Spin transfer torque random access momory (SFRAM)

New memory devices should have smaller and densenary sizes with lower power
consumption. However, conventional MRAM has a dragkbof the need of increased switching
current as the size is scaled down. To circumvastgroblem, and with simpler architecture and
manufacturing than conventional MRAM, a differeanemory called the spin transfer torque

random access memory (STT-RAM) was proposed thieally in 1996; and first demonstrated,
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though the switching current density was high, ietatlic spin valve thin film (Slonczewski et
al., 1996; Pufall et al., 2003). Spin polarizedreant is applied vertically through the magnetic
tunnel junction (MJT) element in STT-RAM. SONY Corgtion demonstrated STT-RAM test
chip in 2005 for the first time (Hosomi et al., Z)0 and Hitachi and Tohoku University
demonstrated a circuit design for 2 Mb- STT-RAMpcii 2007 (Kawahara et al., 2007). Recent
report was even lower writing current on 50-nm pedicular MTJ dots (Kishi et al., 2008) and
45-nm STT-RAM chips on CMOS (complementary metabdexsemiconductor) platform using
in-plane MTJ films (Lin et al., 2009). The writiryrrent scaling with the size of MTJ element

is shown in Fig. 6.4.
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Fig. 6.4. MRAM and STT-RAM in terms of writing cemt scaling trend (Wolf et al., 2010)

Because of size challenge of SRAM, DRAM, and Flasiond less than 45nm, and high
power consumption of SRAM, need of refreshing ofAMR and limited endurance and slow
write speed of Flash memory, STT-RAM may also waga replacement for storage class
memory with all the major benefits (fast, nonvd&gtino wear-out mechanisms, unlimited
endurance and scalability to sub-10-nm nodes} dissumed that STT-RAM after incorporating
in mobile applications can dramatically reduce powg up to 75%. The comparison of

performance of different memory devices is showtabie 6.1.
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Table 6.1. Comparison of performance of differemtmory devices (SRAM = DRAM = Flash
(NOR) = parallel, Flash (NAND) = series, FeERAM =RMM = magnetoresistive random access
memory, PRAM = STT-RAM = spin transfer torque randaccess memory, (Wolf et al., 2010)

Flash Flash
SRAM DRAM (NOR) (NAND) FeRAM MRAM PRAM STT-RAM
Non-volatile No No Yes Yes Yes Yes Yes Yes
Cell size (F?) 50-120 6-10 10 5 15-34 16-40 6-12 6-20
Read time (ns) 1-100 30 10 50 20-80 3-20 20-50 2-20
Write / Erase . 1us/ ims/ | o
time (ns) 1-100 50/ 50 10ms Oims | 50/ 50 3-20 50/ 120 2-20
Endurance 10 106 108 10% 1012 >10% 10% >10%%
Write power Low Low Very high Very high Low High Low Low
Other power Current Refresh
consumption leakage S None None None None None None
S e No 2v 6-8V 16-20 V 23V 3V 1.5-3V <15V
required 7 .
Existing products Prototype

6.2.6 Spin transistor

With semiconductor region in one side, and with #im to integrate spin and charge
transport within traditional devicesuch as junction and field-effect transistors, sa@vepin
transistors have been proposed. Spin transistatctmtain metallic as well as insulating regions
have been proposed (Datta and Das, 1990; John888; You and Bader, 2000; Bauer et al.,
2003; Zvezdin et al., 2003). Also, single electi@mnsistors have been proposed and investigated
(Datta and Das, 1990; Ono et al., 1996; Baramad Fert, 1998; Korotkov and Safarov, 1999;
Ciorga et al., 2002; Martinek et al., 2002).

Datta-Das spin field effect transistor (SFET) (Rat#nd Das, 1990) is a prototypic
spintronic device, which has, as in field effea@nsistor (FET), a drain, a source, a narrow
channel, and a gate for controlling the currergresvn in Fig. 6.5. But the difference in SFET is

the presence of ferromagnetic metals or semicondsiaith parallel magnetic moments as
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source and drain acting as the injector and datettelectron spins. Electrons are injected from
the source with wave vecté&r When the electrons pass ballistically throughrtherow channel
(made of GaAs/InAlAs in a plane normalrp, their spins precess about the precession vextor
because of the effective magnetic field producethendirectionQ2 as shown in Fig. 6.5 due to
the electrostatic potential of the gate, and duheospin-orbit coupling in the substrate material.
Only the spins which have the same direction aspies at the drain are allowed to enter to the
drain (ON), otherwise they are scattered away (OE¥) controlling the gate voltage, the
electron spins can be controlled to be parallelrdiparallel or anything in between as compared
to the spins at the drain. This results the cordfdhe current. For an example, the current is
large if the electron spin at the drain is pointihg initial direction as shown in top row, andakit

small if the spin is pointing the opposite direati@s shown in bottom row in Fig. 6.5.

D

Q

Fig. 6.5. Scheme of Datta-Das spidfeffect transistor (SFET) (Zutic et al, 2004)

6.3 Creating non equilibrium spins

Non equilibrium spins at Fermi level are necessarya material so that its spin

polarization is high as needed for technologica of such materials for injecting spins and
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getting spin polarized current. Such nonequilibricam be created by different techniques such
as transport, optical and resonance methods. Toadily, electron spins can be oriented by
transferring angular momenta of circularly poladizghotons. However, electrical spin injection
is more desirable for device applications. Magnet&ctrode is connected to the sample as a
source for spin injection. When current is pas#edrives the spin polarized electrons from the
magnetic electrode to the sample so that nonequifib spins accumulate at the sample. Spin
relaxation, which is the process of bringing theneguilibrium spin population back to
equilibrium, determines the rate of spin accumatatiSpin relaxation time is determined by
spin-orbit coupling and momentum scattering, andhitges from picosecond to microsecond.
Spin detection is done by sensing the change makidue to nonequilibrium spin.
6.4 Spin Injection

There are different ways of spin injection. Thewy ¢ injected to nonmagnetic metal
from ferromagnetic material at the interface (FANhgtion). Its theory was first offered by
Aronov (1976b). The theory was extended to F/NAMicijions. For efficient spin injection it is
expected that the F and the N regions should haffereht band structure which would
contribute to a significant contact resistance @wycki et al., 2003). In the interface between
ferromagnetic material and semiconductor a spaeegehregion such as depletion layer in p-n
junction or Schottky contact is developed. Non-selfisistent analyses of a Schottky barrier spin
injection were performed (Albrecht and Smith, 20B@03; Prins et al., 1995), while Osipov and
Bratkovsky (2003) proposed an efficient spin in@ectmethod using &doped Schottky contact.
6.5 Spin polarization

Knowledge of spin polarization in a material is on@ant for its technological use.

Development of highly spin polarized material, swshhalf metal is essential for successful
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implementation of spintronics in technology. Soisiimportant to have the knowledge of the
measurement of spin polarization. Next chapter gile emphasis on spin polarization, its
measurement techniques, and special attentiorbeigiven to Andreev Reflection spectroscopy

which is used for measuring spin polarization aimas materials in this study.
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CHAPTER 7

SPIN POLARIZATION MEASURING TECHNIQUES WITH EMPHASI S ON
ANDREEV REFLECTION SPECTROSCOPY

7.1 Spin Polarization: Development and definitions

Not only the electrons, but also holes, nuclei #ral excitations can show polarization.
Electrons have intrinsic angular momentum calleith sghose degree of alignment in a given
direction gives their spin polarization which isfided in several ways depending on the regime
of electron transport in a given material. Basedh@ndensity of states of majority and minority
carriers at Fermi level, the spin polarizationeédiged as

_NT_Nl
BN AN,
1 1

(7.1)
where N and N are the electronic density of states (DOS) of migj@nd minority carriers at
Fermi level. This “N"-definition, R, can be typically probed by spin-polarized photssion
technique. Its usefulness is limited by the facttthe transport phenomena usually aod
defined by the DOS alone. This limitation is partarly true for materials which have both
heavyd-electrons and lighs-electrons at the Fermi level (e.g., Ni). While th®S is mostly
defined by the former, the electric transport isnairily due to the fast electrons [Mazin, 1999].
In order to compare the calculations with the expental data it is crucial to make sure that a
proper definition of the DSP is used. For instanttee tunneling spin polarization (P
determined by weighted average of DOS and tunnefragrix elements (f,) which are
functions of the Fermi velocities as defined in &tpn 7.2 is not the same ag Bs defined by
equation 7.1.

o N (BT, (B =N, (BT, (o)
N, (BT, (B + N, (BT, (E-)|°

(7.2)
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In terms of separate current densitigg Jor spin up and spin down electrons, the
DSP can be defined [Mazin, 1999] as DSP;=J(J (J+J,), where 4, is proportional to N¥
= 1(]) which on assuming the same relaxation time foh Ispins leads to a new P definition

of spin polarization given by

N2 <NV2>T +<sz>l (7.3)

This new definition is for diffusive (or Maxwell) rage in which the electron mean free path (
is smaller than the ferromagnetic- superconductmtact size (d). Another definition for spin
polarization comes from Sharvin derivation with esumptiorthat an electron going through the

contact experiences the acceleration by the electric field so trextdtgy increasedMazin, 1999. This

assumption leads to the expression that J is proportiongN>, so that the third definition for spin
polarization, for the case of ballistic (or Sharvin) transporvhich the electron mean free paif) is bigger

than the superconducting contact size, comes to be

P, = (Nv), =(Nv), (7.4)

" (NY), +(NY),

Half-metallic magnets do not have any electrondi@tRermi level in one of the two spin
channels so that they have 100% spin polarizakonregular magnetic metal, which has Fermi
surfaces in both spin channels, it is not obviaupriori how to define the degree of spin
polarization. However, the estimate of the transpagime by Zeeman Formula

o1y = L3NG Ve 7 (7.5)
and Wexler’'s formula [Wexler, 1966],
R. = 4pL/3nd? + p/2d (7.6)
gives the idea of experimental conditions of tramspwhich can be compared with the

theoretical calculations based on the definitioinspon polarization.
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7.2  Spin polarization measurement techniques

There are different techniques capable of measgpngpolarization of a material. Every
technique has some strengths and weaknesses. drleeseplained briefly here.
7.2.1 Photoemission Spectroscopy

Spin polarized photoemission spectroscopy has dagalf measuring spin polarization
directly, but this method can measure the spinrjzaiion of electrons emitted only from 5-20 A
of surface of the ferromagnet, and hence it isaserfsensitive [Johnson, 1995]. This technique
lacks the necessary energy resolution (1 meV) [Feti@85]. This technique is based on
Einstein’s photoelectric effect. The modificatiathe ejection of spin polarized electrons from
initial state below the Fermi level of magnetic male to final state (the vacuum level), and
their detection by polarimeters. This allows the lgsia of the spin polarization and other
electronic structure of solids of interest basedconservation of momentum and energy of
ejected photoelectrons.

7.2.2 Spin polarized tunneling (SPT) spectroscopy

Tunneling experiment was developed by Meservey Bedtow in 1970 in which they
showed that the quasi particle energy states indhiperconducting Al films are split in a high
magnetic field by the interaction of the field withe quasi particle spin magnetic moments
[Meservey et al., 1970]. Later, they used such kred tunnel current to investigate the
polarization of the current carriers in ferromagneickel [Tedrow et al., 1971], and it was later
extended to measure the spin polarization of FeNCand Gd thin ferromagnetic films [Tedrow
et al.,, 1973]. These SPT experiments showed thatdheuction electrons in ferromagnetic
metals are spin polarized and that the spin is exoledl in the tunneling process. These
pioneering experiments are the fundamental basithio MR effect in MTJs, as well as many

other spin polarized phenomena. This technique ghaee spin polarization values of the
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ferromagnetic thin films more or less in agreemeith the corresponding values measured by
photoemission spectroscopy, as shown in table 7.1.

Table 7.1 Comparison of percent polarization P mness in thin ferromagnetic films by
Photoemission spectroscopy and spin polarized tungn@ edrow et al., 1973]

Magnetic thin film materials | Photoemission (%) Tahng (%)
Fe +54 +44

Co +21 + 34

Ni +15 +11

Gd +5.7 +4.3

Magnetoresistance on trilayer junctions of FM-lasol-FM was measured first by
Julliere in 1975 [Julliere, 1975] with the inter@gon that the tunneling current depends on the
relative orientation of magnetization of the eledis. This model suggests the TMR to be given
by

TMR=—RAPR_ R. _AR__2RP, , A

Where P1 and P2 are the spin polarizations of emmmagnetic electrodes as measured by SPT
spectroscopy.

Towards late 1980s, the notion that spin polariagdent can be obtained by the use of
one of magnetic film electrodes in tunnel junctiamanged, and the concept of spin-filtering
effect was introduced. In this effect, magnetic smmductors such as EuO, EuS, and EuSe as
tunnel barriers display different barrier heighis fwo spin directions due to exchange splitting,
and hence allow high spin polarized current throtlggm [Moodera et al., 1988; Hao et al.,

1990; Moodera et al., 1993; Santos and Moodera4]200
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7.2.3 Positron Spectroscopy

Radioactive positron sources such?a¢a, ®**Cu, *®CO are used to inject positrons into
solids where they annihilate with their anti partielectrons (¢ with the emission of-rays,
which yield detailed information regarding both #lectron density and electron momenta in the
region from which the positron annihilates [Sied€80]. Positron (§ has spin ¥ and it carries
magnetic moment equal to that of an electron. Trigperty can be utilized to image the
electronic structure of magnetic materials [Berk®83]. Positrons emitted from a radio-isotope
like Na-22 [Zwart et al.,, 1985] are partially spinigmzed [Rabou, 1983], a relativistic
consequence of non-conservation of parity in thda-decay process. Switching the
magnetization direction of a magnetic material\vaimne to extract its spin-resolved electronic

structure, as the positron annihilates preferdgtiaith an electron of opposite spin direction.

7.2.4 Point Contact Andreev Reflection Spectroscopy

Spin polarization of a metal that requires no mégnéeld and places no special
constraint on sample; thin films, single crystafgl anetallic foils can be measured by point
contact between the sample and a superconductor [Bfilen et al., 1998] as shown in
schematic drawing of the set up shown in Fig.7.1is Bixperimental technique developed by
Soulen et. al. in 1998 in point contact geometryul&n et al., 1998] and by Upadhyay et al. in
1998 in lithographically fabricated ballistic namotacts [Upadhyay et al., 1998] is based on
well known Andreev reflection which is a process ofveating normal current to supercurrent
at a metallic interface [Andreev, 1964]. Three geaarlier in 1995, de Jong and Beenakker had
shown that the transport properties of Ferromagme&ionductor (FS) junctions are
gualitatively different from the non-ferromagnetbase, because the Andreev reflection is

modified by the exchange interaction in the ferrgmet [de Jong, 1995].
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Ll

Fig. 7.1. Schematics of point contact set up taiobtonductance curves (After Soulen et al.,
1998).

In an interface between a normal metal (non-magn@tirand a superconductor (S) , an
electron from N forms a Cooper pair taking anotHecteon of opposite spin from opposite spin
band at Fermi level of N, and as the Cooper paiwrels through the superconductor within its
BCS gapA, a hole is reflected to the N in the direction opfto the incident electron. This
process is called Andreev reflection which is alsibedaretro-reflection, and it is illustrated in
Fig. 7.2. Andreev reflection is always allowed at theerface of N and S. Momentum is

conserved in this process, and such reflectiortihesreversal symmetry.

E | E
Incident

Electron
eV ¢_'

i _ ‘_3 ==
T = Andreev
; Reflected
Hole

N,(E) N, (E) N(E)

Metal (P=0) Superconductor

Fig. 7.2. Schematic of the energy diagram for stypeent conversion by unhindered Andreev
reflection at the NS interface. The solid and operies are for representing electrons and holes
respectively (Soulen et al., 1998).
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But the situation is no longer true at the inteefaof magnetic metal and a
superconductor. The Andreev reflection is limitedabgninority spin population. In half metals
which do not have minority spin states at Fermi lleaehole is not reflected and Cooper pair
cannot be formed so that the Andreev reflection lzentte the conductance is supressed for the
electrons with energy less than superconducting B&$s Such situation was emphasized first
by de Jong and Beenakker in 1995 [de Jong, 199%4. Sthematics of supression of Andreev

reflection is shown in Fig. 7.3.

F. - I-'
No state v
available A d}—- 2A
..... FEREEE o L
D-e\f
No Andreev
l Reflection
N,E) N, (E) N(E)
Metal (P=1005%) Superconductor

Fig.7.3. Schematic of the energy diagram for suggom of Andreev reflection at the
ferromagnetic superconductor (FS) interface. ThHed ssmd open circles are for representing
electrons and holes respectively (Soulen et a@8)1.9

As the Cooper pair moves into the superconductorNu$ contact, the charge
conservation at the interface requires the refdectif a hole. This doubles the charge flow (2e)
at the interface which inhances the conductanceotibld compared to the normal state (i.e. at

bias much larger than the superconducting gap)welfrepresent the conductance when the

Andreev reflection is not taking place at N-N sitoatas G, and the conductance due to

unpol

d
unpolarized current due to Andreev reflection at K& interface asw, then due to the
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double charge flow during Andreev reflection, the malized conductance for zero bias

(eV<<A) and KgT<<A for no barrier scattering at the interface (Z <@ be taken as 2, i.e.

dl
1 T (7.8)
G, dv

Since, no polarized current flows in this situatithg normalized conduction for polarized

dl
current can be taken as zero, i.e. Gi Pl =0 (7.9)

dv

When a spin polarized current flows in an interfatdl-S, the total current (l) is the sum of the

unpolarized (., ) and polarized () currents, i.e.

unpol pol

=1, +I (7.10)

unpol pol

: : . : I :
This allows to write an expression for the normallzedductanc%g—v) that is dependent on

n

V, T, P.and Z, as shown in equation (7.11).

1 dl (_ )_ unpol +P idlpol
C

X (7.11)
G, dV G, dv G, dv

From equations 7.8, 7.9, and 7.11, one can writ@thenalized conductance in terms of spin
polarization Rat T—0, eV—0 ( low bias) and for clean interface (Z=0) as,

1 dl
G—d——2(1 P.) (7.12)

This is highly simplified expression for ideallyean interface at zero bias and at>(0.
However, the reality would be different due to inteidh scattering, andinite temperature. In
such situation, the spin polarization can be ekhby numerically fitting the conductance data
over the entire voltage range with modified forrBdiK model. The original and modified BTK

models will be discussed in th efollowing sections.
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7.3 BTK Theory
G.E. Blonder, M. Tinkham, and T.M. Klapwijk (BTK) proped a theory for the I-V

curves of normal-superconducting (N-S) microconstiiccontacts [Blonder et al., 1982]. This
model is a unified treatment to understand cla@sgh-barrier) tunnel junctions, metallic (no-
barrier) junctions and transitional (small-barrigmctions, and is based on generalized Andreev
reflection model. This model considers ballistangport, includes a barrier of arbitrary strength
at the N-S interface, and gives detailed insighd the conversion of normal current to super-
current at the interface. In this theory, the mften and transmission probabilities at the
interface are found by solving the Bogolubov-de Gsnequation for electrons incident on the

N/S interface.

At temperature higher than 0 K, all incident electronay not form Cooper pairs. The

unpaired electrons known as quasi-particles cae baergy of an electron either greater than the

average energy of Cooper pair (electron-like sﬁe)@apr less than the average energy of Cooper

pair (hole-like stat¢h>). Such quasi-particles can be described by usimgpBoov-de Gennes

equation
dy H A
ih—— = , 7.13
2=y L 113
Where the Hamiltonian
-h? d?
H = ———E, +V(X), 7.14
2m dx®2 " ) (7.14)

And the wave function of the quasi-particle

f (X't)J (7.15)

)= (xt £ h),org(x,t) =
@(x1) = f(x1)|e)+g(xt)|h),org(x1) (g(x,t)



82

Where f (x,t) andg &k ) are probability of finding the quasi-particlessiates an electron-like
and hole-like statege) and |h) respectively. In electron-like state the quastipees obey

Schrodinger equation, and in hole-like state thbgyotime reversed Schrodinger equation.
Electronlike excitations cannot be made insideRbami sphere, since the states there are fully
occupied in the ground state, and the hole exoitatare possible only outside the Fermi sphere
[Blonder et al., 1982].

The scattering at the interface due to differemisoms such as oxide layer in a point
contact or the localized disorder in the neck afhart microbridge, or the intentional oxide
barrier in tunnel junction is modeled by a reputspotential H(x) located at the interface. A
dimensionless barrier strength Z £HK/ 2E- = H /7v., where K and v, are the Fermi wave
vector and Fermi velocity respectively, is assigt@edimplify the reflection and transmission
probabilities A (Andreev reflection probability), Bthe normal reflection probability), C
(electron-like transmission probability) and D (@&dke transmission probability) at the

interface. These probabilities are also the fumcabenergy E which is written for convenience

: : : [ E?
in terms of dimensionless parameters ,|———-.
E°-A

Table 7.2. The Andreev reflection coefficient Agetlordinary reflection coefficient B, the
transmission coefficient without branch crossingedegon-like) C, and the
transmission coefficient with branch crossing (Hdte) D.

A B C D
E<A £ -1 472 (1+2Z%) 0 0
£2 - (1+222)? 1+22%)? - g?
E>A g2-1 472 (1+2?) (e+D@A+2Z?) 2(e -1)z?
(£+1+422°%)° (£+1+422%)° (£+1+22%)? (£+1+422%)°
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Transmission probability (C+D) can be calculateA éind B are known by using the fact
that the total probability is 1, i.e. A+B+C+D = The probability of Andreev reflection goes
down as the value of Z increases (Fig. 7.4 (a)grelas the normal reflection plays a dominating
role in the total reflection coefficient (Fig. 7(8)). Andreev reflection is completely suppressed
in low energy regime when the value of barrierrgjte Z goes very high which represents the
tunneling transport regime. An incident electrothwlE<A (sub gap energyannot enter the
superconductor as quasi-patrticle, i.e., the ta@éction probability, A+B =1. An electron with

E>A does not Andreev reflect so that the total trassman probability, C+D is 1- (A+B). If we
setA — 0, i.e.£ — 1, one can find the total transmission probab{ii@yD) to beﬁ , which
+

is the standard transmission a¥-&unction barrier [Griffiths, 1995].

1.00 ' ' ' ' ' ] 1000

000=Z=125

E/IA EiA

Fig. 7.4. Probalility for (a) Andreev reflectiomda (b) normal reflection as a function of particle
energy for values of = 0.00, 0.25, 0.50, and 1.25. The direction ofwsrandicate
increasing trend of Z [Kant, 2005].
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For a given bias voltage, the current in a normatain(N) or a superconductor (SC)
making the interface can be found by using theeotittn and transmission coefficients A and B.
Let an electron is incident from N-side (say on#f§. There will be current flowing to the N-
side from the interface because of Andreev refdectand also there will be current flowing to
the SC-side (say on the right). The current flowiaghe right for an electron with an energy in
[E, E+ dE] is given by

€B)p(E)f(E)IE; (7.16)

wheree is the charge of the electrofthe area of the N/S interfacgE) the electron velocity,
p(E) the density of states arfi(E) the Fermi distribution function. The expressidi)f(E)dE is
the density of electrons with an energy iy E + dE]. Because of the Andreev reflected part
A(E) of incident electrons as holes, an additianatent flows to the right which is given by
eSVE)p(E)A(E)f(E)dE, (7.17)

The current flowing to the left due to the normeflection of partB(E) of the incident electrons
is given by

eSVE)p(E)B(E)f(E)dE, (7.18)
Due to theparticles originated and incident with probabilXyfrom the S-side, the current that
flows to the left can be written as

eAE)p(E)X(E)f(E)dE, (7.19)
where X=1+A-B so that the total current is zer@albsence of an externally applied bias voltage.
Non-equilibrium particle distributions will be gela¢ed when a bias voltage is applied. It raises
the energy of the normal metal by eV with respecthe superconductor. In this case, the
distribution function of the electrons coming fr@rside is f(E), and that for incoming electrons

from N-side have the distribution f(E-eV). Thusyr fobtaining the current for a given bias



85

voltage, we should replad€E) in expressions (7.16-7.18) W{E - eV). Consequently, the

current resulting from electrons incident from tside is given by
eSjv(E)p(E)[1+ A(E) - B(E)] f (E —eV)dE, (7.20)
and the current resulting from particles incidentd the S-side is given by
eSjv(E)p(E)[1+ A(E) - B(E)] f (E)dE, (7.21)
where we have used thét= 1 +A - B. The total current becomes
V)= eSIv(E)p(E)[1+ A(E) -B(E)][ f (E-eV) - f(E)]dE (7.22)
The functionf(E - eV)- f(E) is nonzero only in a region of sig¥ in the vicinity of the Fermi
level. SinceeV = A << E. the electron velocitwand the density of statgof the normal metal
at Fermi level can be considered as constants@amt& taken outside of the integral sign, giving
(V)= eS\pj[1+ A(E) -B(E)][ f (E-eV) - f(E)]dE (7.23)
The conductancéys = dI/dV then becomes
G, = —€’Swp j [1+ A(E) - B(E)] f (E -eV)dE, @)2
where f is the derivative of the Fermi distribution functioThe function— f (E )s zero

everywhere except ne&r= 0 where it has a pulse-shape similar to a deltatfon with a width

proportional tokBT. When both sides of the interface are normal m@tat 0), equation (7.24)

_e’Sy
1+ 22

reduces to G (7.25)

sinceA= 0 and 1 B = /(1 +Z%. The conductance in the superconducting statealared by

the conductance in the normal state is the maturtresthe BTK theory given by

%:_(H z?) [+ A(E) - B(E)] f ' (E-eV)dE (7.26)

NN
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7.4  Modified BTK Theory and other developments

BTK theory is unclear in interpretation of the ibar strength, Z. Proximity effect is not
considered in this theory, and it has not incorfgatespin polarization, P. These limitations of
BTK theory needed modifications, and after 19 yedrtheir work, Strijkers et. al. [Strijkers et
al., 2001] came up with a model that extended BhE&oty to include spin polarization and
proximity effects. This allowed to reliably integirexperimentally observed data in both cases
of magnetic superconducting (Nb/Ni, Co, Fe), andimagnetic superconducting (Nb/Cu)
contacts [Strijkers et al., 2001]. Mazin et abntibuted more by considering for the F/S
interface that the Andreev reflection probabiliynot zero, rather the Andreev reflected hole as
a spatially decaying evanescent wave with finibgpbility but carrying no net current [Mazin et
al., 2001]. This model was able to explain therfiatgal conductance curves as a function of
voltage not only for ballistic transport but aldowias able to calculate the same for diffusive

case.

T T T T

24 - 4 no-barrier ballistic regime, no spin polarization
ballistic regime, nao spin polarization, Z=0.55 —e—t

> no-barrier diffusive regime, no spin polarization —e—+
Do b no-barrier ballistic regime, spin polarization 50% ------ =

Gns/Gy

08 L 1 1 i 1

Fig. 7.5. Andreev conductairtdifferent regimes [Mazin et al., 2001].
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In this paper they have argued that they have adddethe issues like different number of
conduction channels (CC) for different spins, Bnibhterface resistance, band structure effects,
effect of an evanescent Andreev hole on quasipartierrent in half-metallic CC, and diffusive
transport in the ferromagnet. They concluded thatenit is difficult to separate the suppressive
effects of diffusive transport on the conductarreenf the effect of a higiZ value in a ballistic
contact, it is possible to distinguish the effettspin polarization from the two, as shown in
Figure 7.5.

Many of the experimental works [Ji et al., 200dgorny et al., 2001] utilized either the
model of Strijkers et al. [Strijkers et al., 2004} Mazin et al. [Mazin et al.,, 2001]. In a
comparison of these models regarding interpretadibthe experimental data for determining
spin polarization, Ji et alJi[et al., 2001] concludes that both models can led s extract spin
polarization from experimental results for a varief ferromagnetic materials including half-
metallic CrQ within the difference in P values of less th&a. 2However, by introducing an
evanescent wave in the minority band Mazin etMbZin et al., 2001] removed the conjecture
of Strijkers et al. [Strijkers et al., 2001] thahdreev reflection amplitude must be set to zero in
the case of half-metal, which resulted in a moreueate determination of P by about 2% - 4%
[Nadgorny, 2011].

Auth et al. considered that the transport at theriace may not be only elastic (ballistic
or diffusive) [Auth et al., 2003]. Working with thifilms of double perovskite feMoG; and
bulk material of the Heusler compound,Co, ¢F& 4Al, which are ferromagnetic samples with a
predicted half metallic behavior and comparably loenductivity, they included inelastic

process in their analysis and concluded that teerthl effect can have significant effect in data
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evaluation, such as smaller values of transpor gppiarization. They remained inconclusive
about the effect of ballistic and diffusive trangpan transport spin polarization.

Measuring accurate value of spin polarization hesnba debate and matter of research
for a long time. For consistent data analysis toicdwmisinterpretation of data, Woods et al.
considered the relationship between ballistic arfugive transport, the effect of different
transport regimes on spin polarization measuremeaars the importance of unambiguous
identification of the type of transport regime [Wisoet al., 2004]. They found that the spin
polarization in the case of diffusive transporbordy about 3% lower than in the case of ballistic
transport, and the barrier strength Z larger by-00&b They found that the value of BB system
dependent on Z, presumably due to spin-flip saageat the interface. However, the exact type
of this dependence is hard to determine with aatyssical certainty.

Xia et al. [Xia et al., 2002] indicated the pod#¥p of some interaction between the
ferromagnet and superconductor not included inBFiK model such as the Zeeman splitting of
the superconducting densities of states causethdgttay magnetic fields of the ferromagnet.
They also pointed out that the reduction in transpey of the F/S interface not only depends on
the Fermi velocity mismatch, but also on the misinatf the wave-function character at the

Fermi energy.

After the introduction of barrier scattering Zthe N/S interface by BTK, and after its
extension for F/S interface by others [Souttral., 1998; Mazin et al., 2008trijkers et al.,
2001], the spin polarization of ferromagnetic mialerwere measured by several researchers,
and it was found that the P was systematically segged with decreasing interface transparency
which means increasing barrier strength Z [Ji et2801; Strijkers et al., 2001]. Intrinsic value

of spin polarization would be found from Z depencienf P by setting Z = 0 for clean interface.
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However, the physical mechanism of dependenceanf P was not clear at this point. Kant et al.
[Kant et al., 2002] incorporated spinflip scattegrim the interface region of the contact, and
identified Z as an effective scattering parameter, and explaihe decay of P exponentially
with Z2 On the other hand, as we have shown in ChapténatGhe extracted values of P and Z
for a given set of experimental data depend onfittieg parameters such as temperature,
spreading resistance or the superconducting gaig. diéservation, which will be explained in
detail in 88.5 of Chapter 10, indicates that déferZ can be related to the changes in the fitting
procedure. However, such P-Z dependence givesasimirinsic value of P corresponding to Z

=0 as given by using the P-Z dependence of dataditiple contacts as described above.

o 2-0 T T T T T
o Z=055P=0 |,
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Fig. 7.6. Extended BTK theoretical normalized cartdace curves at 1.5K and superconducting
gap of 1.5meV (calculated with the modified BTK dihe of Mazin et al.)

For a given sample, the intrinsic value, and heéheanost accurate value of P is found

for Z = 0. However, P will be overestimated ifstfound based on zero bias conductance when Z
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is not zero. For example, the zero bias conductéorc2 = 0 and P = 0.50 is almost same as for
the case of Z = 0.55 and P = 0 as shown in ther¢hieally calculated conductance curves for
these cases as shown in Fig.7.6. So, the P vafoans by fitting the conductance curve for the
entire range below and above the superconductipg ga

In case of Andreev reflection experiments of faragnetic semiconductors, the spin
polarization measurements are limited by high tesig at low temperature, presence of
Schottky barrier, and high velocity mismatch at thgerconductor-semiconductor interface.
Using heavily doped magnetic semiconductor (Ga,Mnhaving metallic type conductivity ,
hence narrow Schottky barrier and small Fermi vglomismatch at the interface, spin
polarization was extracted [Barnes et al.,, X9Ranguluri et al.,, 2005] using reduced
superconducting gap and higher effective tempegatlinough the uncertainty in the P values
was high, they found that the carrier concentratan be increased by doping heavily. This

reduced the Schottky barrier so that its role ioautainty in spin polarization was reduced.
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CHAPTER 8
THEORETICALLY PREDICTED CURVES GENERATION AND FITTI NG OF DATA

8.1  Effect of Z on normalized conductance curves

Modified BTK model of Mazin et al. [Mazin et al.0@1] incorporates barrier strength Z
as explained earlier. For different values of Zhis model, the normalized conductance obtained
for superconducting gap of Nh= 1.5 meV at 4.2 K and 1.5K are shown in Fig. 34hfin et
al., 2001]. For Z = 0 at low bias, when all incident electraimglergo Andreev reflection so that
P = 0, the normalized conductance is 2. As Z irsgsaincreasing number of electrons suffer
normal reflection so that only rest of the electramdergo suppressed Andreev reflection which
is the cause of local minimum of conductance ab b#as. The conductance is maximum at the
edge of superconducting gap and those peaks are sharper as Z increases.tAds®e peaks are
more pronounced at lower temperature, and get suedrhigher temperature as shown in lower

and upper panels respectively of Fig. 8.1.
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Fig 8.1. The Normalized conductance of an N/SCtamincalculated with the mBTK theory
(P=0) with Z= 0.00, 0.20, 0.40, 0.55, 0.80 and 105,T = 4.2 K (Left Panel) and 1.5K
(Right Panel). The arrows indicate the trend wiltréasing Z [Mazin et al., 2001].
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The normalized conductance curves generated withOPA =1.55 meV at T =1.2K for
different values of Z, as shown in the legend, sltewn in Fig. 8.2. It also shows that the
conductance at low bias is suppressed for largarhére as the maximum conductance peaks at
the edge of the gap energy are sharper for sugbrl@. The case of ideal interface (Z=0) at P =

0 shows conductance of 2.
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Fig. 8.2. Normalized conductance curves at T = ¥@KP=0 withA =1.5 meV for different
values of Z

8.2 Effect of P on normalized conductance curvesifalean interface (Z=0)

If the SC/FM interface is ideal, i.e. the barriéreagth is “zero”, then the conductance
curves for materials with different P values wik las shown in Fig. 8.3.The conductance is
higher for lower P values, and it is equal to 2Rs10, and the zero bias conductance decreases

for higher P. However, we clearly notice enhanoea bias conductance up to=RI0+ % , and
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it gets suppressed from around5P - %, and the normalized conductance reachesfty O
P=100% as shown in Fig. 8.3. The conductance abla# lower than A seems to be constant
for every value of P in this case when Z = 0. Tim$ure of the conductance curves, however,
changes in most of the experimental conditions whes no longer “zero” due to the presence

of barrier scattering at the contact interfacenef superconductor and the sample under study.

Conductance curves for Z =0 and different P | —o—P= fo"//o
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Fig. 8.3. Normalized conductance curves predictechBTK model for ideal interface (Z =0)
and for different P values. BCS gap used to geedhatse curves is = 1.5meV.

8.3 Effect on normalized conductance curves due tthange in Z and P

Figure 8.4 shows, for an example, the conductancees generated for different values
of (z,P) such as (0,0), (0.1,0.1), (0.2.0.2),(03,00.4,0.4),(0.5,0.5),(0.6,0.6), (0.7,0.7),
(0.8,0.8), (0.9,0.9) and (1,1). Even though, ¢he® generated curves from model, and might be
the situation for different sample systems, iteéasonable to expect lower values of P as the
values of Z go up for different contact situatioft® a particular sample. While doing

experiments, though the (Z,P) values are systeneragmt, mostly encountered values of Z
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range from 0.2 to 0.6, and P values range fromid@@3 for non half metallic materials. For any

particular system, intrinsic P value is found frphatting Z versus P, and extrapolating the curve

forZ=0.

o (ZP)=(0,0)
(ZP)=(0.1,0.1)
v (Z.P)=(0.2,0.2)
20 (ZP)=(0.3,0.3)
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o & (ZP)=(05,0.5)
1 o > O (ZP)=(0.6,0.6)
& - - % (ZP)=(0.7, 0.7)

N N NR NG =
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] ‘ & @ (ZP=(11)
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Fig. 8.4. Normalized conductance curves generdtearétically by using mBTK model for
different values of Z and P at T=1.2K and fst1.55 meV.

8.4 Effect of elevated temperature in fitting condatance curves by mBTK model

Temperature is another fitting parameter. Even ghothe data are taken at certain
temperature like 1.2K or 1.5K, sometimes one ent@sra problem in fitting the data exactly at
the same temperature. It could be due to thern@ddaning. However, use of slightly higher
temperature allows exact fitting of the conductaogeves, especially at the maximal region of
conductance corresponding to the edge of superctinguyapA. So, it is important to have the
knowledge of how this elevated T as fitting paraanehanges the conductance curves. For this
purpose, theoretical curves are generated usingkniddel for fixedA =1.55 meV and for

different values of temperature ranging from 1.2KiK as shown in Fig. 8.5. The experimental
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data have tendency to fit around the conductane&sparound\ at higher temperatures. This
could be due to the fact that it is difficult toeseery sharp peaks in experimental data. Generally,
the conductance peaks in this region (at arounank¥) are sharper if the curves are generated
at lower temperature, and they become less shapmore and more smooth curves if the data
are generated using slightly higher temperatureshasvn in Fig.8.5. We can clearly see the
decreasing conductance pealdafl.5 meV even for the temperature increase of Oldially,

the curve at 1.2K was generated for P=0. The otwves were generated by changing
temperature at fixed of 1.55 meV. Knowing how the shape of conductanua®e changes with

temperature as a fitting parameter helps for fitéingiven set of experimental data.

Effect of T as a fitting parameter_generated data Lo

2.0 g —

1.5K
—1.6K
—1.7K
—1.8K
—1.9K
— 2K
—2.1K
— 22K
—2.3K

2.4K
—2.5K

1.4- N\ =i

2.8K

1.8

1.6

2.9k

1.21 ] N\ =

increasing Temperature

10 T T T T T T T T T T T T T
-4 -3 -2 -1 0 1 2 3 4
Bias, meV

Normalized Conductance

Fig. 8.5. Effect of elevated temperature in fgticonductance curves with P=0: the shape of the
conductance curves changes with reduced conductaaxxiena at the edge of but P =0
doesn’t change.
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8.5 Uniqueness of fitting

The parameters Z and P are extracted from fittiripe experimental data. Knowing how
uniquely these quantities represent the fitting @iven set of data is important. In order to test
this, a nice set of conductance data obtained foBiMsample: ulMnBiX103010) was fitted by
the modified BTK model by changing different paraemns in different possible ways. Different
parameters involved as input parameters in theditare the temperature (T) at which the data
are collected, superconducting gag, =1.5 meV, initializing value of Z for fitting, inilizing
value of P for fitting, spreading resistance of #anple (B, the number of data points being
used for fitting, and the slope correction whichswaken to be zero in all cases. The fitting was
initially done for 1.4K with some initializing vaés of Z and P, and with the spreading resistance

Rs=2Q. Figure 8.6 (a) shows such a fitting.
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Fig. 8.6. Fitting of the same set of experimentaladwith different fitting input parameters
giving different values of Z and P : (a), (b), &)owing effect of spreading resistance; (d), (e)
showing effect of temperature; (f), (g) effect efmperature and spreading resistance; (h) effect
of number of data points

The input fitting parameters and extracted valoeZ and P are shown in every fitting
plot in Fig. 8.6. Even though the real physicauaiion is represented by Fig (a), other
possibilities of fitting as shown in Fig (b) thrdugh) have been explored. Fig (b) and (c) show
the effect on extracted values of Z and P whenwlaes of spreading resistance are taken
slightly different but still retaining reasonablyell fitted curve. Fig. (d) and (e) show the
reasonable fitting with slightly different value$ ©. Fig. (f) and (g) show the fittings with
different T and Rs, and Fig. (h) shows the fittinigh different number of data points taken in
the same set of data. All of these curves lookarasly good fits despite the use of slightly
different values of input parameters which leadliféerent values of extracted Z and P. Figure

8.7 (a) shows how P depends on Z in general andifferent cases viz., change iR €&hange in
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T, change in T and Rs, and change in data poiniie Wting the same set of data. This indicates
that the variation of T and Poth at a time can have larger spread in Z andHere as the
different numbers of data points considered whdad fitting has also some effect in Z and P,
but with minimum spread in these values. The spned&lin this fitting is within +3% from the

mean value of P= 48. However, the intrinsic valtiP ¢s different.
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Fig. 8.7. Dependence of P on Z on different posdiittings of the same data set (a) showing the
effect of different fitting parameters, (b) the joim the P-Z plane indicates the constant error bar
as shown by? versus P plot shown in the inset, (c) quadratiofithe P-Z data extracted from
fitting of a single data set, (d) comparison of Rl&ta extracted from fitting a single data set to
that of the extracted values from fitting of vaisadata sets for the same sample.
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While fitting this set of conductance data tharfg error bars were found almost constant
as shown in the inset of Fig 8.7 (b). This is repreed by the loop in Z-P data in this plot.
Quadratic fit of the Z dependence of P in Fig. 8 gives the value of P corresponding to Z=0 as
56.6% which is within error bars of intrinsic valagP (= 57.8+£1.6)% for clean interface (Z=0)
as determined from the fittings of several setsarfductance data taken for various contacts for
the same sample. This is shown by comparing thergtia fits for these cases in Fig. 8.7 (d).
Interesting observation here is that the Z deperelei P obtained by fitting a single set of
conductance data for various input parameters dlmsxact experimental physical parameters
gives the same P for clean interface as deterniayefitting several sets of conductance data.
Also, one thing noteworthy here is that the inteidhscattering barrier denoted by Z does not
represent to the physically scattering barrier, ibatso arises due to fitting of the conductance
data. In conclusion, the fitting gives Z dependeot®. In this sense, the fitting is not unique.

However, the intrinsic value of P seems unique iwithe error bars.
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CHAPTER 9
DETAILS OF EXPERIMENTAL TECHNIQUES

9.1 Preperation of samples

The samples used for measuring spin polarizatiereéher single crystals or thin films
deposited mostly on Si wafers and sometimes ors gladers. MnSi, LSMO, BakAs,, and Ni
were single crystals, where as the other samplels as MnBi, Pt, PdNi, InN were thin film
samples deposited mostly by e-beam evaporationbgnehagnetron sputtering. Thin films of
MnBi and Pt were deposited in Nebraska Center fateMals and Nanoscience by Prof. Dave
Sellmyer’s group. PdNi samples were deposited mf. Morman Birge’s group in Michigan
State University, and the work in InN was done atlaboration with the group of Dr. Gavin
Lawes at Wayne State University. MnSi single crgsteere provided by Dr. Fabrizio Carbone
in Ecole Polytechnique Fédérale de Lausanne (ERvlijzerland.

9.1.1 Evaporation techniques (thermal, e-beam, magitron sputtering)

Thin film samples were deposited by using e-beaaperation technique and magnetron
sputtering technique. In these systems the presgaseaeduced to about 1.3 x Dorr, and the
thickness of the sample was monitored by crystaliton
9.1.2 Polishing the sample

In case of single crystal like MnSi, the crystalswaolished by mechanical polishing
method by using several grits starting from coamsdine. Alumina gel was used for final
finishing. This technique helped to make the sw@fsttining almost free of any scratches.

9.1.3 Tip preparation for point contact
Superconducting Nb tips were prepared by electmoated etching of 99.99% pure Nb

wire of diameter 0.25mm. Volume ratio of HNOHF : CH{COOH =5 : 4 : 1 was taken as
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etchant for Nb. DC voltage of 8V was supplied betwéhe positive Nb electrode and negative
Carbon rod electrode both dipped into the etchaltdrt in a plastic container. Nb tip was dipped
such that the current flowing initially would be cath 800mA for getting pointed tips. The
etching would complete once the current drops tm.z&he etching would take place
predominantly on the surface of etchant. The elclygs were rinsed with deionized water
carefully so that the tips would not get damageud] such tips were stored apex up on a foam
pad in a box in a desiccator after confirming goodlity of the tips by observing under optical
microscope. Such tips would require dipping into fdFabout 40 sec before mounting into the
probe for point contact experiment so that any @xaler or any other dirt would be removed
leaving behind clean and pure Nb tip for point eshtwith the sample being used. The
electrochemical etching gives the radius of cumetf the tip less than 100nm [Faiz, 2009].

In some experiments, Sn tips were used. Suchwig® fabricated by mechanically
polishing tin wires. Careful polishing with lappipgpers would give fine tips usable for making
point contacts. In case of the use of superconggicdample such as Barium Iron Arsenide
[BaFeAs;], we usedhormal metal tips made of Au wires. Since Au wiags soft, the tips were
made by cutting the wire at an angle of about 4freke so that the very tip of the wire is sharp

and pointed.

9.2  Characterization techniques

X-ray Diffraction was used for structural analysiSonstructive interference of the
reflected rays from different lattice planes gitles peak intensity in the X-ray spectrum. X-ray
diffraction analysis is based on the well known d#ya law 2dsif = m\., where® is Bragg’s
angle and. is the wavelength of X-ray, and d is the lattipacng. Crystallelographic structures

are known by knowing the location of the peaks it intensities.
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Elemental composition was studied by Energy Dwsiper X-ray (EDX) spectroscopy
which is a technique in which a X-ray emitted fr@an element when it is bombarded with
electron beam is detected. The X-ray energy isatharistic of the element from which it is
emitted. This technique is used in conjunction vetlanning electron microscopy (SEM) which
was also used for electron beam lithography on Mia®iple to make nano contact of Niobium.

This will be discussed in detail later.

Transport properties such as dc resistivity measent at low temperature were done by
using quantum design Physical Property Measure®@gstem (PPMS). This device can be used
to perform a variety of experiments that requirecgmse thermal control. It can be used to
execute magnetic, electro-transport, or thermotetemeasurements, or with some modification
it can be used to AC measurements, heat capacltjti@-Low field. This has the capability of
operating from 1.9K to 400K with the temperaturewmacy of 0.01K. PPMS can be equipped
with 1-T, 7-T, 9-T, 14-T or 16-T longitudinal magner a 7-T transverse magnet. PPMS
MultiVu software application is the interface soéire used to operate the Model 6000 PPMS
Controller. This device has slew rate from 0.01K/mp to 12 K/min with temperature stability
<0.2% for T<10K, and< .02% for T>10K. This instrument was used evenlitaim temperature
dependence and field dependence of conductancescurmpoint contact measurements such as
for point contact measurements of MnSi single alysin such case, the tip was driven by

squiggle piezo motor. This will be covered morele/iiscussing MnSi in different chapter later.

Magnetic characterizations of the samples were dbwyeusing quantum design’s
Magnetic Property Measurement System (MPMS) alsowknas Superconducting Quantum
Interference Device (SQUID). It consists of temp@m control unit, and provides a

compensated superconducting magnet capable of graga very uniform magnetic field (B) up
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to £ 5.5 T over the entire sample. M-H loops and Mata were obtained using this instrument.
With the use of liquid helium, this device worksthre temperature range of 2K to 400K with
temperature accuracy of 0.01K, and the magnetid fessolution of 1G for B > 5KG and 0.1G

for B < 5KG.

Atomic force microscopy was used to study surfageography of samples such as Pt
when surface roughness played important role imthgnetism of these thin films. This will be
discussed later while discussing magnetism in Rt films. Neutron scattering was used to
cross-check the surface magnetism of Pt thin fillieés technique is the most reliable one to

measure small magnetic moment present on a sample.

Point contact geometry was used to obtain condoetanrves (di/dV vs V) which were
used to extract spin polarization of various materi The point contact geometry was
implemented first by Soulen [Soulen et al., 1998] &padhay [Upadhay et al., 1998], and later
it has been used by several researchers such goigdNadgorny et al., 2000], Kant [Kant et
al., 2005], etc. A superconducting tip is allowea tbuch the sample of interest at low
temperature, and conductance curves are obtaimedade of a superconducting sample, a
normal metallic tip such as Au can be used inst&ad.tip can be approached in several ways:
manually driving, piezo driving, and by lithograptechnique. Superconducting tip is mounted
on the tip holder in such a way that the tip ihitigbove the sample. Manual driving facility has
a shaft with pitch of screw of 100pum so that thataot resistances can be controlled by fine
movement of the tip. The schematics of the poimtact arrangement, experimental set up and

the probe head are shown on the left panal, miplaiheel and right panel respectively in Fig. 9.1.
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Standard lock-in technique was used to acquire wtadce data. For bias voltage V, let
the current be I(V). Then corresponding to the biatage (V+dV), the current will be |

V+dVv)= I(\/)+:—\|/dv+..., where the ac modulation voltagl/ = vsinatis superimposed

to dc bias voltage which was supplied by Agilent BGwer Supply Dual Output E3620A. So
the above expression becomdgy +vsinat) = I(\/)+§—\I/vsinax. Due to small modulation

voltage, there is small ac signal with amplitudeado the conductance. This amplitude in the
current signal is measured by lock-in.

Lock-in is sensitive to the signals at referenaj@iency only. The lock-in amplifier
multiplies the current signal with the ac modulatigoltage v simt. This product is passed
through a low pass filter to average out all congmis in the current signal with a frequency
different fromw. If a signal has the frequenaey but is not in phase with the ac modulation

voltage, the lock-in averages out such signals too.

O Current source
O

ﬁ Lock-in amplifier

o o o O G=didv

Ref. out —T—

12K<T<42K
.‘.\\ 1t

Fig. 9.1. Left panel: Schematics of the point echtarrangement, Middle panel: experimental
set up, right panel: probe
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CHAPTER 10
POINT CONTACT ANDREEV REFLECTION IN Cu AND La ¢7SrosMnO3;

10.1 Conductance curves for Copper

Point contact Andreev Reflection Spectroscopy (PLARas used to observe
conductance curves for copper using electrocheiyietthed Nb tip. The motivation to see how
conductance curves look for this superconductingdab metal interface has two folds. Firstly, it
gives chance to compare our observation with tleefations found in literature; and secondly
it helps to show, as expected, that the spins efetectrons in normal metal (Cu here) are not
polarized. At the same time, these observationsldvdie helpful to establish that our
experimental set up is ready for reliable measungsnef spin polarization of different other spin
polarized materials to be discussed later.

10.1.1 Conductance curves of Nb/Cu by Soulen et al.

It is found in literature that people have doneeskpents to find conductance curves for
Copper using Niobium as superconducting tip forgh@t contact. Soulen et. al. [Soulen et al.,
1998] published the conductance curve taken forct@iguration of mechanically polished
Niobium tip pressed into copper foil in liquid hei at 1.6K. Figure 10.1 shows their
observation of |-V curve as well as correspondiognmalized conductance curve. As the bias
voltage between the superconducting tip (Nb) aral nbrmal metal (Cu) is less than the
superconducting gap (1.5mV for Nb), a supercurflemts through the configuration due to the
flow of cooper pair during which an electron at rRessurface of normal metal takes another
electron with opposite spin state which resultsoreflection of a hole which behaves as parallel
channel for the flow of current, hence enhancing flow of current from normal to supper

current. When the super current flows, there 2snOA of excess current than in the normal state
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at low voltage bias, and the normalized conductasdwice that at normal state [Soulen et al.,

1998] as shown in Fig. 10.1.
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Fig.10.1 Normalized conductance curve and the ItNMve at 1.6 K for copper foil when
superconducting Nb tip is pressed against it [Soateal., 1998]

The mechanism how super current flows is showrménschematic diagram in Fig.10.2.
In this model, a spin up electron at Fermi levetha metal (Cu) is considered to form a cooper
pair with a spin down electron at the same Fermell®f the normal metal. The cooper pair
travels through superconductor (Nb tip). Momentuitlee electrons is conserved by the
reflection of a hole at the interface between tbhemal metal and the superconductor. The hole
that provides a parallel channel for the flow ofrrent is responsible for the enhanced
conductance in N/S configuration. Zero value ofnspolarization of a normal metal in N/S
configuration shows unhindered Andreev reflectioame do sufficiently available inter-spin

electrons for the cooper pair formation.
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It has been seen in the literature that the comaheet curves for Nb/Cu configuration has
been observed by many scientists. Interesting dnotigs found that the conductance curves
observed by different people look slightly differen their shape, still preserving the spin
polarization value to be zero. What different slsapleconductance are reported in literature, and
what factors are responsible for such variationmgortant to know. Before presenting my
measurements for conductance of similar systesgams important to review on what people

have observed.

10.1.2 Conductance curves of Nb/Cu by Miyoshi et .al

Another literature Wiyoshi et al., 2005] has reported the field dependence of
conductance curves for Nb/Cu system as shown inleig. They have shown the conductance
curves for the magnetic field parallel to the sepaducting Nb tip (upper panel), and for the
magnetic field perpendicular to the supercondudiimglower panel) as shown in Fig. 10.2, both
taken at 4.2K. Our aim here is not to focus inftelel dependence, but it is relevant to consider
the conductance curve obtained for the case of iagnetic field. We can see the conductance
curves for zero magnetic field in the upper anddopanels of Fig. 10. 2. If the field is zero, we
don’t need to consider the field parallel or peieunlar to the tip; it means the tip position is
same, and it is just like taking two sets of dataynbe for different contacts between the
superconducting tip and the normal metal, Cu irs ttése. It is desirable to have similar
conductance curves in these two cases, howevautives look entirely different indicating the
possibility of different conductance curves for felient contacts which are presumably

characterized by different interfacial conditions.
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Normalized conductance

Bias, mV

Fig. 10.2. Conductance curves for Nb/Cu film whea magnetic field is parallel (top panal) and
when the field is perpendicular (bottom panal) ke tNb tip. Notice different shapes of
conductance curves for zero field in these two lgsap

10.1.3 Conductance curves of Nb/Cu by Gavin Burnell

Gavin Burnell, University of Leeds reports I-V garand conductance curve for Nb/Cu
configuration as shown in Fig. 10.3 Conductancwaer bias is similar to the data shown in
Fig.10.1 in the sense of its enhancement, howenershape of characteristic curve has some
differences. Interfacial barrier, scattering anggbly other factors play important role for the
shape of conductance curves. Lack of universalitganductance curves is a matter of concern
for everybody working in this area. This differeraméses not only in the observations between
different investigators but also in different obhs#ions by the same investigator. Difficulty in
maintaining the identical situations for differetiservations, especially for different contacts is

an arduous challenge, and it leads to slightlyedéiht types of conductance curves.
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Fig.10.3. Conductance curve for Nb/Cu [Burnell, \émsity of Leeds]

10.1.4 Conductance curves of Nb/Cu by Blonder et.al

G. E. Blonder and M. Tinkham [Blonder et al., 1983)e given theoretical conductance
curve for Nb/Cu configuration as shown in Fig. 1Mbtted line shows the conductance for the
ideal case (T = OK, Z = 0: pure metallic, and edesimi velocities in Cu and Nb). When Fermi
velocity ratio r is 1.414, the conductance cunkesathe position shown by solid line. However,
the case of r = 1.414 can be mimicked for r =1 @s&marmi velocity) by taking the scattering
barrier potential Z = 0.175. This shows that thattecing due to velocity mismatch can be
incorporated in the barrier scattering potentiaviiich is mainly responsible for different shapes

of the conductance curves.
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eV
Fig. 10.4. Conductance curve for Nb/Cu configumratio
10.1.5 Conductance curves for Pb/Cu by Chalsani at.

Chalsani [Chalsani et al., 2007] has given d\éive, shown in Fig. 10.5, as a function
of voltage across the junction of nanocontact detae Cu-Pb configuration. The curves shown
are taken at 4.2K, one with the application of naigrfield of 2000 Oe and the other in absence
of magnetic field. Showing the presence of low ggeariear phonon spectra of Pb in Cu-Pb and
Co-Pb configurations [Chalsani et al., 2007], thaye concluded that the electron transport is in

ballistic regime, I>d, where | is the electron mé&ae path and d the size of the contact.

g s
T P
-
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| | | | |
= | 2 0 2 4
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(@) (b)

Fig. 10.5. For Cu-Pb configuration, (a) dVv/dl cuate4.2 K; (b) normalized conductance curve
(open circles: experimental data, and solid ling:BJK fit)
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Figure 10.5 (b) shows the normalized conductaneees taken for Cu-Pb system at 4.2
K. At this temperature, lead behaves as supercaodsc that the spin polarization of Cu can be
extracted from the fit, and it has been shown m figure to be 0 with the interfacial barrier

scattering Z = 0.29. In this fit, Chalsani et lahve considered that there is no Fermi energy

mismatch, i.e [k = Es where these energies are given by E, =#°k:/2m and

En =7%°Kk3, /2m. This assumption corresponds to the temperatwe@T9 K and the exchange

energy J = 0. The fitting shows good agreemeni\fo 2mV. The discrepancy between data
and theory at higher bias in Cu-Pb system arigea fitonequilibrium effects where the injection
of nonequilibrium quasiparticles into the lead gralty reduces the gap and suppressed the extra

overall conductance arising from Andreev reflecfiGhalsani et al., 2007].

10.1.6 Our observation of conductance curves for NGu

Point contact exhibits a seemingly endless vartéty-V curve shapes [Blonder et al.,
1983]. The shapes of differential conductance chamgrordingly. The excess current over the
normal current can be found from the |-V curves mghs the fitting of conductance curves
yields some fitting parameters, especially physycsignificant parameter: the spin polarization
of a material. In this regard, we have taken sévwaeasurements of conductance curves for
different copper samples with electrochemicallyhettNb tip for the point contact. For different
pressures of the contact (i.e. different contagsgling to different resistance), and for different
samples, the conductance curves were obtainede Tomwsistent with the observation for Nb/Cu
configurations as discussed in reference [Blontlat.e1983], the Nb tip was electrochemically
etched in HN@ HF: Acetic Acid = 5:4:1 by volume, and a coppeigge crystal was also etched
in the similar solution for short time. The Nb tipsoduced were similar to the one shown in

reference [Blonder et al., 1983]. Similar to th&aservations [Blonder et al., 1983], Nb tips were
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observed before and after several contacts were mal Cu sample and were found as shown

in Fig.10.6.

Fig.10. 6. electrochemically etched Nb tip befiiest) and after (second) the point contacts
were made with Cu sample [Blonder et al., 1983]

Conductance curves were observed using standark-ihotechnique. The data were
fitted with modified BTK model. Fitted conductancarves were found, and different fitting

parameters were extracted which are presented ahead

Fig. 10.7 shows the |-V curve taken for Nb/Cu cguafation. Nonlinear region of the
curve is responsible for the feature of its différ@ conductance. This region corresponds to the
flow of super current below superconducting gapovbthe superconducting gap, the I-V curve

is linear which corresponds to the constant basedf the conductance curve.
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Fig. 10. 7. I-V curve for the point contact Nb/€anfiguration
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Etched Niobium tip was used to make point condgetinst Copper slab which was made
by cutting a bigger Cu slab, and by cleaning ithwacetone. Normalized conductance data as
shown in Fig.10.8 was fitted with modified BTK mddeThe fitting was done for
superconducting gap of Niobium as 1.5 meV. Evenghahe data was taken at 1.36K, the best
fitting was possible for the temperature of 3.1Keimal broadening might have been the cause
for the need of higher temperature as fitting pat@mfor the best fit of the data. The barrier
scattering potential was found to be Z = 0.677. fithieg not only yields the conductance curve,
it also allows to extract the spin polarizatiortlod sample that is used to make point contact with
the superconducting tip. The extracted value afi ppilarization for copper was found to be P =

0 as expected for normal metal.

T=3.1K -

Nb/Cu'at 1.36K

Normalized conductance

Fig. 10.8. Normalized conductance curve for Nb/@ib sonfiguration
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Purity of sample is essential factor for reliabbéga. Copper single crystal was taken after
it was etched with the acid solution same as tleeused for Nb etching. The single crystal was
dipped into the acid solution for short time to pa@ any oxide layer on the surface. As used for
the previous case, Nb tip was used after dipping HF for a while. The data was taken for
conductance curve which was fitted with the sarttendy program (noresist) as in the previous
case. Fitting was done separately for the dataherpositive and negative bias voltages. The
fitting was possible even in this case at sliglefigvated temperature of T = 1.9K which was not
much higher than the actual temperature of He wtalking data. The Ruthenium thermometer
was used to measure the temperature of He whitgglgmimped, and at the time of taking data
the temperature was 1.2K. As in the previous chseneed of higher temperature might be due
to thermal heating while making the contact andopassing current through the junction. The
superconducting gap of Nb was used 1.55 meV. Ttexfacial barrier scattering which plays
important role in the shape of the conductance eeuvas found to be Z = 0.78, and the spin
polarization of Cu was extracted to be 0. Sligharade of the value of Z was observed in
different observations. This is inevitable in pocdntact experiment due to the difficulty to
maintain identical contacts. However, small changebe values of T and Z in the fitting don’t
change the value of P for Cu. As anticipated, tileer of the spin polarization was found zero in
several observations for Cu in the configuratiom@paused. Several conductance curves were
taken for different contacts, and also with Snigsesconducting tip. The fitting parameters with

correspondingly extracted values of Z and P indlasservations are given in Fig.10.9.
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Fig. 10.9. Conductance curves corresponding feréifit contact resistances for Nb/Cu [(a) and
(b)]; and for Sn/Cu [(c)].

As a test of the PCAR set up for its reliabilithetmeasurements were done in other

standard LSMO sample. The data obtained are disdusghe following sections.



116

10.2 PCAR of LSMO (L& 7Sro3Mn0O3)

Conventional half metals in which the density afattons in the minority bands at Fermi
level is zero, and the density of electrons is onlythe majority bands at Fermi level are
supposed to have almost 100% spin polarizationsiBles application of such materials in
spintronic applications such as non-volatile logi@ memory and spin transistors has attracted
the attention of scientists to study such materlaige to colossal magneto resistance, manganese
perovskites, La,AxMnO3; (A = Ca, Ba, or Sr), which are also called CMR d&s have attracted
interests of researchers. However, different regobexperimental values of spin polarization of
optimally doped Lg;SrpsMnO; (LSMO) have put it in controversy [Nadgorny, 2007The
reported values [Park et al., 1998; Lu et al., 13 et al., 1997; Worlege et al., 2000] of spin
polarization (35%-100%) was found to vary accordimghe measurement technique, the use of
the definition of spin polarization, and the tygdesample such as single crystal or epitaxial films
or irradiated films [Nadgorny, 2007]. As reliabylitest of the PCAR system, and a test of
reproducibility of spin polarization, optimally deg La 7St 3MnO3; (LSMO) sample was used to
measure spin polarization. The conductance curbesred for two different contacts of Nb as
superconducting tip to the LSMO single crystal sinewn in Fig. 10.10. These data were taken
at 1.2K, and the fitting was done with superconihgcgap of Nb as 1.5 meV. The extracted
values of spin polarization was 58.4% which agme#h the reported value of P=58% for the
LSMO single crystal with Sn as superconductingMpdgorny, 2007]. Unlike conventional half
metals, experimental results [Nadgorny et al., 20@{e indicated that LSMO has minority spin
states at Fermi level, but still mimics the behawba true half-metal in transport experiments,

hence the material can be calletlamsporthalf-metal [Nadgorny et al., 2001].
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Fig.10.10. Normalized conductance curves for Nb/M5 interface showing the spin
polarization of 58%.

The temperature dependent conductance curves fgrSkaMnO; are different,
however, its spin polarization is reported to bdejpendent of temperature. Rather it was
reported to be dependent on the residual resistifithe samples indicating that the defect level
in the sample plays important role to control RuegiNadgorny, 2007].

In conclusion, PCAR measurements of Cu sample gav@alue of spin polarization to
be 0 as reported by other people. The conductamee can have various shapes dependent on
the contact. Spin polarization value forgk81p3sMNnO3; sample was reproducible and agreed with
the reported value of 58% for single crystal. Herthe point contact measurement set up works
fine with the capability of measuring the spin piation values of different samples with high

precision.
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CHAPTER 11

POINT CONTACT ANDREEV REFLECTION STUDIES OF ITINERA NT MAGNET
MnSi SINGLE CRYSTALS

11.1 Introduction

Manganesesilicide has drawn attention of reseasdioe a long time due to its varieties
of magnetic and electrical properties (Williamsakt 1966, Shinoda et al., 1966, Wernick et al.,
1971). Its crystal structure is generated by theicc®820 structure (Boren et al., 1933, van der
Marel et al.,, 1998). The unit cell contains 4 Mioras at crystallographycally equivalent
positions, with the basic structural element as@uilateral triangle of three Mn atoms. Each Mn
atom connects three triangles sharing the cormetis,the triangles at four different orientations
along the body diagonal of the cubic unit cell (&are et al., 2006). Figure 11.1 shows two
views of B20 crystal structure of MnSi. It is tradnally considered weakly itinerant
ferromagnet (Moriya et. al., 1973; Taillefer et 4986), i.e. the spin polarization is modeled as a
relative shift of bands of delocalized Bloch statessthe two spin directions (Carbone et al.,
2006). There are several evidences of why MnShainduced ferromagnetic (paramagnetic)
state can be classified as a weak itinerant fergmata(lshikawa et. al., 1977). MnSi undergoes
magnetic phase transition when magnetic field igliag below critical temperature. Neutron
small angle diffraction study revealed that in zenagnetic field MnSi has the helical spin
structure below 29.5 + 0.5K with the long periodl®0A propagating along the [111] direction
(Ishikawa et al., 1976). When a magnetic fieldapplied greater than 0.6T the crystal is
saturated with spontaneous magnetic moment ofgOpém Mn atomwhich is substantially
smaller than the effective moment of lg4pvaluated from the Curie-weiss relation in

paramagnetic region as reported by Ishikawa etl8l76, and that of 2.2guper Mn in the
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paramagnetic phase as reported by Wernick et @¥2.1This difference is considered as a

signature of the itinerant nature of magnetisms{giv et al., 2008).

Fig. 11.1 Two views of the B20 crystal structufé&mSi, showing four cells. The larger atoms
are Mn and are connected by sticks; the smallezrgghare Si atoms. Left: a view along the
(111) direction. Right: view nearly along the (1@)s (Jeong et al., 2008)

Magnetic phase diagram of MnSi is shown in Fig. 2.1 It shows that the spin structure
at zero external field is helical. If magnetic fiebf about 1 KG is applied, the moments tilt
toward the applied magnetic field and hence formica structure. The cone becomes smaller in
angle as the magnetic field is increased. When H.3sKG, the moments are aligned in the
direction of the external field, with the crystalaching the saturation magnetic moment of 0.4
Ms, and hence MnSi becomes induced ferromagneticzhwisi shown in the phase diagram by
solid line. The broken line indicates a boundarermhthe magnetic moment induced in the field
direction decreases distinctly (Ishikawa et al.72)9 Three energy scales govern the magnetic
properties of MnSi. Exchange interaction, the siest energy scale, between the spins keeps

them on plane ordering. Weaker than exchangeaictien is Dzyaloshinskii Moriya spin-orbit

interaction (H =D. (S x §) which is responsible for the chirality of the sgtructure i.e., helical
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structure, and the axis of the helix is kept in1(ldlirection by even weaker exchange-crystal

anisotropic interaction in MnSi crystals.
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Fig. 11.2 Magnetic phase diagadrivinSi (Ishikawa et al., 1977)

MnSi might be an ideal playground to study theperties of itinerant magnets in
general, which are one of the less understood ahthgre interesting materials (Carbone, 2007).
In this context, we are motivated in exploring dsotproperty i.e., spin polarization of MnSi
which has not been done by any one so far. Spiarigation is well defined in conventional
ferromagnets and has been measured by differemitpees such as positron scattering, Tedro-
Meservy, tunneling spectroscopy, photoemissgpectroscopy and point contact Andreev
reflection spectroscopy. However, this property hasbeen investigated in case of MnSi, with

very unusual magnetic properties, exhibiting vagiowagnetic structures from helical to conical
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to induced ferromagnetic phase. So, in this rebease wanted to study transport properties of
MnSi, and to detect any possible changes in spiarigation as MnSi undergoes various
magnetic transition.
11.2  Magnetization and AC susceptibilities measureemnts of MnSi

Magnetization and susceptibility measurements vaenee by SQUID, and they were
taken by using MnSi single crystal grown by flogtirzone technique. Susceptibility
measurement, as shown in Fig.11.3 (a), shows hleasusceptibility suddenly increases at 30 K
showing that the magnetic ordering begins at #msperature. When the magnetic field of 1 KG
is applied the susceptibility even goes higheht temperature indicating that the helical phase
changes to conical phase. When the increasing rtiadgiedd reaches to about 6.5 KG, we can
see that the susceptibility curve shows differeghavior showing the transition from conical
phase to induced ferromagnetic phase.

Magnetization measurement (Fig. 11.3 (b)) shova$ the magnetization is saturated at
6.5 KG and the saturation magnetization is ~0.4rBohgneton/ Mn at low temperature (5K).
Susceptibility and magnetization measurements angistent to each other and also consistent

to the literature.
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Fig. 11.3 Left: AC susceptibility, Right: magnetion measurements for MnSi single crystal
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11.3 Resistivity measurements of MnSi single crydta

Resistivity measurement also shows the phaseiticanat ~30 K as shown in Fig. 11.4.
T2 dependence of resistivity below Tc shows thatithesport is governed by the spin
fluctuation. Resistivity at 2K was &2cm showing that the MnSi single crystal we used &vas

good conductor.

R vs T: MnSi single crystal(disk shape)
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Fig. 11.4. Resistivity of MnSi single crystalas$unction of temperature

11.4 PCAR measurements of spin polarization of MnSi

Presence of magnetic moment and low resistivityngabthat the crystal being used for
magnetic and transport measurements was good fiorpsgarization measurements. We used
Andreev reflection spectroscopy to measure spiarfaation. Andreev reflection is a process of
converting normal current to super current at theejion of a metal and a super conductor. In a
normal metal in which the spin polarization is zehere are spin-up and spin-down bands at the
Fermi level. A spin up electron takes a spin dovetteon at the Fermi level to form a Cooper
pair which travels through superconductor if thplegal energy is less than superconducting gap.

This process enhances the current. In case ofyhgpih polarized materials like half metals in
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which P = 100%, a spin up electron does not get dpwn electron in the Fermi level so that
cooper pair cannot be formed. This results in seggon of current.

Spin polarization is given by the formula,

_ < NT (EF)VnFT >-< N¢ (EF)VnFl >
<N (Eg)V'e >+ <N (Ex)V"r >

I -1

1 1

|+,

C

We pass current through the junction between arsapducting tip and a metal, MnSi in this
case; and measure voltage and conductance. Theiande curves obtained are fitted using

modified BTK model.

11.4.1 Point contact by approaching the supercondting tip by squiggle

MnSi single crystal was polished mechanically & the best possible shining surface
free of any scratches. It was mounted in a prob& was mounted into PPMS. For our
experiment, we used electrochemically etched Niobiips whose small protrusions at the tip
have size of couple of micrometer. Such a tip isimed in a tip holder as shown schematically

in Fig. 11.5 (a). The tip holder is driven by sql@piezoelectric motor as shown in Fig 11.5 (b).

<~ Piezo motor
e Screwwith micron size pitch

- Tipholder

Niobium tip
o sample

(a) (b)

Fig. 11.5 Superconducting tip leol¢h) schematic, (b) Squiggle motor



Conductance curves were fitted and the spin p@ldon was extracted from the fitting
parameters. Several conductance curves were fatatle data taken for different point contacts
at 2K. The average value of spin polarization wastl to be 44+4%. The spin polarization was
extracted from the conductance curves taken evér2&f, and it was found to be 47.8% which
is within the error bar of the average value. Aaraple of such conductance curves is given in
Fig. 11.6 as representative of several curves taked fitted for the extraction of spin

polarization. The interfacial scattering barriersioh are extracted by fitting the curves and are
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denoted by Z are shown in individual plots.
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Fig. 11.6 Normalized conductance csmetained for MnSi single crystal with Nb

superconducting tip
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11.4.1.1 Magnetic field dependence conductance ges of MnSi

We wanted to detect any possible change of spiaripation with the magnetic field as
MnSi underwent magnetic phase transition. We sameschange in P at different magnetic
fields. Fig 11.7 shows the field dependence coraheg curves taken at 2K. These spectra show

that the amplitude of the conductance curves dees=@ith higher external magnetic field.
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Fig. 11.7 Magnetic field dependence normalized catehce curves for MnSi single crystal

Normalized Conductance

However, we found in literature (Miyoshi et al.005) that people have obtained
conductance curves of Nb/Cu point contact systerdifegrent applied magnetic fields. They
have shown the change in conductance with the egpopliagnetic field as shown in Fig. 11.8.

The top graph shows the change when magneticiigdarallel to Nb tip, and the bottom graph
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shows the change when the magnetic field is perpelad to the Nb tip. We also observed
similar type of change of conductance curves inMM8i system when H is parallel to the Nb
tip. So, at this point it is hard to differentidke contribution of Nb and MnSi. This needs further

investigation.
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Fig. 11.8 Magnetic field dependence of conductaneees for Nb/ Cu system, Top: when Nb
tip is parallel to the applied magnetic field, Boit: when Nb tip is perpendicular to the applied
magnetic field (Miyoshi et al., 2005).
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Finally, in conclusion, we have studied spin pakion in MnSi single crystals
characterized by Tc of 29.5 K with saturation madgnenoment of 0.4g/Mn at 5K and a
residual resistivity of 52cm. And, the average spin polarization of MnSi Engrystal as
measured by PCAR technique by driving the supengctimy tip by squiggle motor was found
to be 44 + 4% in zero magnetic field. With incregsimagnetic field, when the maganese
monosilicide single crystal undergoes magnetic phemsition, the spin polarization is found to
behigher as the transition is from helical to conimalnduced ferromagnetic. Figure 11.9 shows
how P is found to change with H. It is seen that iticrease is not monotonic, rather the spin
polarization saturates beyond the magnetic phasesition to the induced ferromagnetic phase
when the applied magnetic field is about 6.5KG.sTikiconsistent with what one expects as the

magnetic moments are aligned in the direction glieg field.
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Fig. 11.9 Magnetic field dependence of spin poktran of MnSi as it goes under
magnetic phase transition.
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11.4.1.2 Approaching the superconducting tip manubf

Conductance curves were also obtained by driviegstiperconducting tip manually to
bring it in point contact with MnSi. This arrangembegives more flexibility in control of the
contact resistance. Conductance curves were obtdaredifferent contact resistances. In this
arrangement, the facility of pumping liquid Heliusiows to lower the temperature below 2K
which was the minimum limit that could be achiewstile using PPMS for point contact
experiments by as discussed in section 11.4.1.h Wis arrangement, the data were taken at
1.5K , and the mBTK fittings were done with cuperdocting gap value of Nb as 1.5 meV. The
fitting parameters and the extracted values of &P iaterfacial barrier scattering Z are shown in

the corresponding plots shown in Fig. 11.10
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Fig. 11.10 Normalized conductance curves for Nb/Mnterface while the superconducting tips
were driven manually
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It was observed that the P values have quadraperaknce on Z values. So, the intrinsic
value of P, which corresponds to Z = 0, was fourminf the extrapolation of P (Z) curve as
shown in Fig.11.11. This gives the intrinsic vabieé® to be 45.2% which is within the error bars
in previous measurements by squiggle techniques Thnfirms the reliability of the spin

polarization values of MnSi single crystal.
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Fig. 11.11 Depemncke of P on interfacial barrier scattering
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11.4.1.3 Conductance of the interface between Nbithfilm sputtered on MnSi after

e-beam lithography on PMMA

In the previous measurements by squiggle and nhaectkaniques to approach the Nb tip,
it was not easy to get clean field-dependent anmtpégature-dependent data. Thinking that the
situation can be improved if Nb contacts are madeMnSi by e-beam lithography and
depositing Nb, one more technique was implementedet conductance curves of Nb/MnSi
interface. Interestingly, new features such as-b#&e conductance with amplitude greater than 2
and conductance oscillations outside supercondygép have been observed which may be due
to the formation of triplet Cooper pairs at theeifikce of Nb and MnSi in the geometry being

used. This is discussed hence forth.

11.4.1.31 E-beam lithography on MnSi surface andiNdeposition

On the surface of polished MnSi single crystal, PMB50A4 was spin coated. It was
baked for 15 minutes at 18D. E-beam lithography was done on the surfaceMifIR to open
two square holes each girhx1um, and 1@m apart as shown in Fig. 11.12, which is the optica

image taken after the lithography was developed.

Fig.11.12. Optical image of the openings on PMM#teathe lithography was developed
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With appropriate masking, Nb was deposited by spuiy on and within the area of
PMMA so that Nb would come in contact with MnSi fawe only through the opened holes

shown in Fig. 11.12. The Nb film sputtered at thearober pressure of 1.4xi0rorr showed

superconducting transition temperatugeof5.5K as shown in Fig. 11.13.
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Fig. 11.13 Superconducting transition temperatdifgb thin film (Red: includes Nb and MnSi;
Navy: Nb on glass)

11.4.1.3.2 Magnetic field dependent and temperatardependent conductance curves

Silver paste contacts were made on Nb film and iMk3gnetic field dependence at 2K
with field perpendicular and parallel to the sampl@face, and temperature dependence

conductance curves in both cases were obtainechveingcatalogued below:

a.l) Field dependence of conductance curves with graetic field parallel to the Sample
surface (B|| Surface) at 2K
This configuration of sample with the magnetiddiparallel to the sample surface was
achieved after some data were taken in the perpealadiconfiguration at 2K. The purpose of
mentioning the sample configuration-sequence isdistuss about the topography change

observed on the sample surface. This will be dsedisn the next sectiokigure 11.14 shows
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the magnetic field dependence normalized conduetanoves for the Nb-MnSi interface.
Surprisingly, the conductance curves are diffeneniis lithographically defined interface of Nb
and MnSi compared to the conductance curves olatdoremanually obtained point contacts as
discussed earlier. The amplitude of zero-bias cotahce was highest when no external
magnetic field was applied. It kept on decreasingh@ magnetic field was increased. However,
the amplitude was still more than 2 until the agglmagnetic field was more than ~ 25KG. The
amplitude of zero bias conductance decreases fastéhe magnetic field more than ~30KG.
There exists a small zero bias conductance at ~359#®@vever, it disappeared completely at
around 38KG. This may be due to the destructiosuplerconductivity of Nb due to the applied

magnetic field.
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Fig. 11.14. Normalized conductance curves at diffemagnetic fields parallel to the sample
surface at 2K for Nb/ MnSi interface defined byesin lithography

For the purpose of clarity, the normalized conductacurves presented in Fig 11.14 are

plotted again in Fig. 11.15 after the curves aiiexthseparating consecutive curves by 0.4. This
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allows one to see clearly how the curve featureschanging from no applied field (top curves)

to high applied field of 40KG (bottom curves).
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Fig. 11.15. Normalized conductance curves withtshif-axis for clarity for Nb/MnSi interface
defined by lithography and when it is in paralleh@iguration.

Interestingly, the other unusual feature of thesedactance curves is the presence of
conductance oscillations outside superconducting fhese oscillations decay as we go farther
from the superconducting gap edge. With the iningahagnetic field the amplitudes of these
oscillations decrease, and disappear after H =®.&%Kapplied. Below this magnetic field, the
oscillations in different conductance curves olgdimt different magnetic fields are in phase to
each other (Fig. 11.15). These oscillations disappéhen the applied magnetic field is more
than 6.5KG [Fig. 11.16]. As we know that MnSi urgtees magnetic phase transition from
conical to induced ferromagnetic phase at 6.5K@, fibund that the conductance oscillations do

not appear in the ferromagnetic phase.
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Figure 11.17 (a) shows the dependence of normafieeal bias amplitude on the applied
magnetic field. The amplitude is more than 2 foe thagnetic field less than about 26KG.
Beyond this magnetic field, the amplitude goes dawrthe field goes up and finally levels down
to 1 when the field is 38KG and more. The amplituaté of the first and the second peaks was

almost equal to 1 for all conductance curves.
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Fig. 11.17 Effect of magnetic field (a) on normaelil zero bias conductance, and (b) on
wavelength of the first oscillation of conductarmeve outside superconducting gap of Nb that
is in contact with MnSi

a2) Temperature dependence of conductance curvestiwvimagnetic field, B = 0 in parallel

configuration at 2K

The amplitude and the shape of conductance curhesiged with the change in
temperature well below¢lof Nb (This Nb film had Tof 5.5K) indicating that the effect is due to
the changes in properties of MnSi. Figure 11.)8sfews as collected conductance curves of
Nb/MnSi interface at 2K when no external field wagplied. The same set of data after
normalization is shown on the right panel. It shdleat the zero bias conductance at 2K is about
3.5, and this amplitude decreases with increasamgperature. Figure 11.18 (c) shows the
normalized data with a consecutive shift of 0.4 Yraxis for the purpose of clarity and

comparison.
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B=0, parallel configuration o 2K, 0G

B=0, parallel configuration
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Fig. 11.18 conductance curves for Nb/MnSi interfatdifferent temperatures in absence of
magnetic field: (a) as collected, (b) normalizea &) normalized and shifted for clarity

The conductance oscillations are present in thse calso. In order to show these
oscillations more prominently, some of the condactacurves are shown in Fig. 11.19. The
amplitudes of oscillations decrease with tempeeatand they disappear at 4K and higher
temperatures. Zero bias normalized conductance i@l also keeps on decreasing with

temperature, and disappears at 5.5K as shown ilashelot in Fig. 11.19.
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Fig. 11.19. Temperature dependence of conductanges of Nb/MnSi point contact interface
at no external magnetic field applied

The dependence of normalized zero bias amplitudle tsmperature as observed in the
experimental data are shown in Fig. 11.20. It isepked that the conductance amplitudes
decrease faster after 4.6K to 5.5K, and then thmalized amplitude just levels to 1 as shown in
Fig. 11.20. The wavelength of oscillations is incida&sing tendency with the increasing

temperature.
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Fig. 11.20 Dependence of normalized zero-bias augdion temperature for Nb/MnSi interface
in parallel configuration.

After taking field dependence and temperature dégece conductance curves in parallel
configuration the sample was taken out from PPM& 3urface of Nb looked different. So, it
was observed under optical microscope, and vegrasting patterns developed were found on
the surface. These patterns shown in Fig. 11.2% waaged with optical microscope. These
patterns were not developed when the sample waglkependicular to the magnetic field. They

were developed only when the magnetic field wadieghparallel to the Nb thin film surface.

Fig. 11.21. New surface topography developed otffilNbsputtered on PMMA spin coated on
MnSi. This was developed when the magnetic field eggplied parallel to the sample surface.
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bl) Field dependence of conductance curves with m@aefic field perpendicular to the
Sample surface (Bl Surface) at 2K
The sample was mounted again into PPMS with itentation restored in previous
configuration, i.e. the sample was kept such tHatBposited surface would be perpendicular to
applied magnetic field. The data obtained in tlasfiguration are given in Fig. 11.22. These
conductance curves were almost similar to thoggmallel configuration, but with smaller zero

bias amplitude compared to the parallel configorati
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Fig 11.22. Field dependence of conductance witHidhe perpendicular to the sample surface



140

Conductance oscillations outside superconducting e@dge were observed for applied
fields less than 4KG. The shapes of these cuneze similar for the magnetic fields within 0G
to 4KG, and then within 4KG to 20KG. From 20KGabout 35 KG the shapes were similar to

each other. The zero bias amplitude disappear@8kdd and beyond as shown in Fig. 11.23.
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Fig. 11.23. Conductance curves for Nb/MnSi integfe show the disappearance of conductance
oscillations outside superconducting gap when higtegnetic fields are applied
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The zero bias amplitude decreases with magneld e shown in Fig. 11.24 (a). This
pattern looks similar to the case of field depemeeim parallel configuration. The conductance
feature collapses at about 30 KG. The wavelengthsonductance oscillations seen around
superconducting gap increase initially after maigrfetld is applied from zero to about 10G, and
then decreases for the higher magnetic fields. bsva in Fig. 11.24 (b). This pattern is also
similar to the case of parallel configuration. Tdraplitudes of the first and second oscillations

are almost equal.
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Fig 11.24 Effect of applied magnetic field on (e@rmalized zero bias amplitude, (b) average
wavelength of the conductance oscillations wherfithé is perpendicular to Nb/MnSi surface

The conductance curves before applying magnetit Wwas compared with the one taken
after the applied magnetic field was set to zerbeifl coincidence as shown in Fig. 11.25

indicates that there is no temperature dependestétesis in the conductance curves.
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Fig 11.25. Normalized conductance curves befordyagpmagnetic field, and after setting the
applied magnetic fields to zero.
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b2) Temperature dependence of conductance in perpéicular configuration

In the same configuration as in (b1), the condu#arurves were obtained as function of
temperature at zero magnetic field. Figure 11.36s(@ws the data as collected, (b) shows the
normalized data, and (c) shows the same data slfiiéed for clarity. These data have also

similar conductance features with conductance lasiohs.
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Figure 11.27 shows the conductance curves at difféaemperatures sowing the presence
of conductance oscillations at lower temperatu@sel than 4K. The oscillation features
disappear at around 4K. The shape of conductanee changes for 5K, and with its amplitude

vanishing at 5.5K.
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Fig. 11.27 Normalized conductance curves for Nb/Mnt&rface showing the dependence on
temperature
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With the increase in temperature, the zero biaslitmdp was found to decrease, but the
pattern of this change was different than due ®adfiect of magnetic field. As shown in Fig.
11.28 (a), the amplitude decreases slowly at\irstn temperature is increased from 2K to about
4K, and it decreases abruptly from 4K to about 5.3Ke pattern of change of zero bias
amplitude with temperature is similar in both pkeladnd perpendicular cases. The wave length
of conductance oscillations seems slightly decikagehigher temperatures as shown in Fig.

11.28 (b).
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Fig. 11.28. Effect of temperature on (a) normalizetb bias amplitude, and (b) the average
wavelength of conductance oscillations around sigretucting gap for Nb/MnSi interface

After taking data for increasing temperatures,dhta was taken for 2K at last. This data
coincides with the data taken at 2K initially befoncreasing temperature. This shows that there
is no hysteresis in conductance curves causedyethperature cycle. The data at 2K before
and after temperature cycle are shown in Fig. 1128 also indicates that the change is really
due to the temperature change in the temperatyoendence complete set of conductance data.

The average amplitude seems slightly increased wieetemperature is increased.



145

Before temperature cycle
After temperature cycle

o Ul o (&)
T S T |

=
ol
1 1

=
o
N .

Normalized Conductnace

o5 +—++—+—
-0.006 -0.003 0.000 0.003 0.006
Bias (mV)

Fig. 11.29. Normalized conductance curves at 2Kieefind after temperature cycle in
Nb/MnSi.

11.4.1.4 Discussion and conclusions

The spin polarization of MnSi single crystal wagasured at 2K by point contact
Andreev reflection technique driving the supercariohg tip by a piezo motor in PPMS, and it
was found to be 44+4%. It was measured at 1.5Krbyng the tip manually, and the intrinsic
value of P at 1.5K was found to be 45.2%. SinceSMindergoes magnetic phase transition
from helical to conical to induced ferromagnetiagpé, it would be interesting to know how the
spin polarization changes in these phases. Foptiigose, the spin polarization of MnSi single
crystal was measured as a function of applied ntagrield. It was found that the spin
polarization increases with the applied magnegtdfiand finally saturates once it reaches to the
ferromagnetic phase. In another approach, the sapéucting tip contact was established by e-
beam lithography on PMMA on top of MnSi surfaced atepositing Nb on top of it so that Nb
would touch MnSi only throughpIn x1um two holes. The conductance curves in this case we

found unconventional and interesting because of e zero bias amplitude and conductance
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oscillations outside the superconducting gap ed@lgese conductance curves obtained in parallel
and perpendicular cases as magnetic field deperatehttemperature dependent curves were
analyzed.

To understand the interesting features of theseesumwe consider the following model
for FS interface. Bulk itinerant magnet MnSi is nented to a BCS superconductor Nb of finite
thickness d. Niobium, being a standard BCS supeluctor, has Cooper pairs which are made
of electrons with opposite spins so that the tefah is 0, and hence the superconductivity is
singlet. However, as Nb comes in contact with eofaagnet with inhomogeneous magnetization
such as helical or conical magnetic structure ofSMim the present case, spin-triplet Cooper
pairs are generatddergeret et al., 2005; Fominov et al., 2007]. Ridl all three types of
triplet Cooper pairsi heterospirnt|+|1 and 2 equal-spintt, || are generated, but for us most
interesting are equal spin ones since only forehmErs Andreev reflection couples electron and
hole in the same spin subband, i.e. will not bepsegsed by spin polarization, as seen by the
enhanced Andreev reflection in our data. Theseletrippairs can then penetrate into
superconductor side and coexist with singlet pdirey penetrate into the ferromagnet also but
with shorter coherence length. For the transpetwben superconductor and a ferromagnet, the
Andreev reflection is suppressed due to electdom-lor hole-like quasiparticle not getting
particle of opposite spin at Fermi level in diffetepin subband, and hence the scattering is very
sensitive to a spin polarization. However, for dggpn triplet pairs ( total spin =1), Andreev
reflection is not suppressed at all by spin pa&tron of the ferromagnet because one spin can
take the other spin from the same spin subbandindreev reflection conserves spin subbands.
Hence, at low magnetic field less than 6.5KG whendpin structure in MnSi is in helical or in

conical phase Andreev reflection at the FS interfecthe dominant scattering process. As a
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result, the following sequence of reflections isgible: electron-like excitation is injected into S

across the FS interface, it crosses over S filmrafidcts from its free surface as an electron by
the normal reflection process, then it arrives Rterface again and is reflected as a hole-like
excitation (with the same spin). Created hole @e<sS film as well and is then converted to an
electron at the SF interface. As a result, eleelii@state reappears but with the phase shift due
to momentum difference between electrons and holasuperconductor. At energy E above the

superconducting gaf, the momentum mismatch is

2JEZ - ?

k., —k, = P
E

Since each electron and hole cross S film two timake phase shift is

4 E? - N

¢ =2d(k, —k,) = v The conditiop = 2/n provides energy levels, which fa >> A
V,

F

can be approximated by simple formula

1/2

This is slightly modified realization of classicabmash effect [Tomash, 1966] which should
result in oscillations of conductance at energiasva the superconducting gap. At bias VA>>
oscillation have periodVv =7 ivy (2 .

Above 6.5KG of applied magnetic field, the coniséducture in MnSi disappears, and
hence the triplet Cooper pairs disappear. Conseélyudime conductance oscillations outside the
superconducting gap should disappear which is seear experimental data.

The enhanced zero bias conductance peak (ZBCP)edixcethe standard Andreev

factor-of-two can be qualitatively explained frohetpresent model of triplet superconductivity
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in Nb/MnSi. Generated triplet pairs are so-calletbd-frequency pairs, with more complex
spectral properties. It was shown theoretically thate generally [Bergeret et al., Tanaka et al.,
Eschrig et al., 2003] odd- frequency pairing letmla strong peak in the density of states at low
energy, which in turn, should provide ZBCP. Thisalpeshould be suppressed on applying
external magnetic field, which it does beyond 30K@& 38KG in parallel and perpendicular
configurations respectively. However, its existenipefields over 6.5KG may be due to

additional mechanism of zero bias conductance pwakation.
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CHAPTER 12

STUDY OF ANDREEV REFLECTION SPIN POLARIZATION AND
MAGNETIZATION OF Pd 1xNix ALLOYS WITH DIFFERENT Ni CONCENTRATION

12.1  Introduction

Magnetocrystalline anisotropy observed in P@Nupti et.al., 2009jnakes this alloy an
interesting system. Filled 4d orbital ([Krj#b< configuration) fcc element Pd is nonmagnetic
which is isoelectronic to the magnetic 3d elememtstl that it is reasonable to expect 4d
elements to be almost magngfitoruzzi et. al., 1989). Be it isolated Ni impueisi with local
moment of 1g (Loram et. al., 1985), or Ni atoms in clusterstlwfee or more to have local
momentgChouteau et. al., 1976; Cheung et. al. 1981), mtgBd impurities induce large host
polarizations (Oswald et.al., 1986) leading to #ppearance of magnetism by the creation of
giant moments in PdNi alloys at atmospheric presss well as under pressiBeille et.al.,
1975). The critical concentration of Ni in Pd matfor the onset of ferromagnetism is 2%
(Aldred et.al., 1970fpor the bulk and 6.3% in Pd/Ni nano-alldy¢unomura et.al., 1998).

Bulk Palladium on the other hand is itself an iesting material in terms of its
magnetism. Expansion of fcc lattice by 5% (Fritsehieal.;1987; Chen et.al.,1989; Alexandre
et.al, 2006) or thin films of Pd with hcp crystalusture(Alexandre et. al., 20063how induced
moment whereas Palladium rests on the edge of rtiagnevith the density of states at the
Fermi energy just below the Stoner criteridhd: (Er) | > 1 , wherel is the exchange integral
andN oc (EF) is the local density of states at the Fermi enefgrlyferromagnetism (Alexandre
et. al., 2006). Magnetic moments have been pratifctecoaxial Palledaium nanowiréStewart
et.al.,, 2006) and at (100) facets of polyhedromcstire of the clean gas-evaporated Pd fine
particles with an average radius between 60 A at#l A with maximum magnetization of

1.4+0.05 emu/g at 5K for a sample with 80 A avenaghbus(Shinohara et. al, 2003).
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In a ferromagnetic superconducting system PdNi showg range proximity effects. It is
a weak ferromagnet (Fulde et. al., 1964; Larkinagt. 1965). Change in Ni concentration in
PdNi helps to control exchange energy and henceereabe length which is inversely
proportional to the exchange energy (Kontos, ¢t28l01; Ryazanov et. al., 2001). Long range
character of Josephson current in samples with Rdpliesents evidence for its spin triplet

nature (Keizer et al., 2006; Khaire et. al., arx}912.0205).

Energy as a function of density of states showstti&3d bands of electron in Ni splits
into different energy levels for up spin and dowginselectrons as shown in Fig. 12.1. This
develops ferromagnetism in Ni, and so PdNi is aamgde of strong magnetic susceptibility
enhancement of nearly ferromagnetic Pd by Ni intfsi(Lederer et. al., 1968). Because of split
bands, spin polarization is expected. So, in oseaech, we are interested to find the correlations
between the spin polarization and the magnetizadfotme sample. For this purpose, PdNi thin
films with different Ni concentrations were prepéigy magnetron sputtering of Pd target with
Ni inserts into it. Magnetization as a function efternal applied magnetic field at 10K, and
magnetization as a function of temperature in preseof 10 Oe magnetic field were measured
by quantum design SQUID (Superconducting Quantuerference Design) magnetometer. The
conductance curves for these samples were meaatk8K by using Point Contact Andreev
Reflection (PCAR) technique and the Spin polar@atialues were extracted by fitting the data
with modified BTK model. Measurement of conductance curves and extractiorspird
polarization of Pd in bulk helps to understand hbe surface of Pd bulk behaves magnetically,
and it also provides the ground to compare the pplarization of PdNi alloy with Pd, and to
understand the exotic role of Ni in the alloy ftg spin polarization. The detailed data of such

measurements are presented in the following sextion
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Fig. 12.1 Energy levels as function of electrongiigrof states (Nicola Spaldin, ferromagnetism
in metals, Cambridge University press)

12.2  The case of PdNiyx sample with Ni 12% (Pd.gdNi 0.12)

12.2.1 Magnetization and Curie Temperature measureants of P gdNi 0.12 Sample

The magnetization of PdNi thin film with Ni condeation of 12%, as measured by
EDAX, was measured by SQUID. The sample was feagmatic which is indicated by nice M-
H loop shown in Fig. 12.2 (a). It shows that theusstion magnetization of such sample is 112

emu/cni.
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Fig. 12.2. Measurement of (a) magnetization; and{lrie Temperature of of RedNi o.12
sample (Khaire et. al., 2009).

Fig. 12.2 (b) shows how magnetization varies watmperature. The Curie temperature of
PdNi with 12% Ni concentration is found to be 173Ke purpose of finding magnetization and
Curie temperature is to find any possible correlatbetween them and with the spin polarization

of the sample.

12.2.2 Spin Polarization measurements of RgNix sample with Ni 12% ( P@ sdNi 0.12)

Point Contact Andreev Reflection Spectroscopy (REWas used to obtain several sets
of conductance curves corresponding to differenntad resistances. Some of such
representative normalized conductance curves arersin Fig.12.3. Electrochemically etched
Nb tips were used as superconducting tips. Thenditbf such curves was done by using
modified BTK model to extract spin polarization was. The experiment was done at 1.2K. Fig.
12.3 (a) is one set of normalized conductance cwihiese fitting parameters are T = 2K,
cuperconducting gapp=1.5meV, interfacial scattering barrier Z = 0.15hspin polarization P =

49%. Similarly Fig. 12.3 (b) shows conductance eumith the fitting parameters of T = 2K,=



153

1.5meV for Nb, Z = 0.136 with P = 49%. The fittings done in slightly elevated temperature of
2K. However, the use of exact experimental tempegadf 1.2K can still fit the data with sharp
peaks near the superconducting gap, but still githe other fitting parameters almost same and
giving the same spin polarization values as shawhig. 12.3 (c) and (d) which correspond to

the data(a) and (b) respectively.
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Fig. 12.3. Normalized Conductance curvedidNi sample with Ni 12%

In order to find the intrinsic value of spin polaation, i.e spin polarization independent

of interfacial barrier scattering Z, a plot of PaaRinction of Z is plotted as shown in Fig. 12.4.
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For this sample, P was almost independent of Z tla@ahtrinsic value of spin polarization is
found to be 48.8%.

08 PdNi 12% N4 g?:ta
—Fi
, 07
5 06 P=-0.0136 Z + 48.8
g 0.5 P> ¥4 S 4P
3
o 0.4
a
£ 0.3
n

0.00 0.05 0.10 0.15 0.20
Barrier Scattering, Z

Fig. 12.4. Spin polarization as a function of ifderal barrier scattering for PdNi with Ni 12%
sample

12.3 The case of PdiNix sample with Ni 6% (Pd).94Nio.06)
12.3.1 Magnetization and Curie Temperature measureants of P@ o/Ni ¢ osSample

As shown in Fig. 12.5 (a), the saturation magm¢itn of PdNi with Ni 6% sample was

found to be 55 emu/chat 10K; and the Curie temperature was found to be 95K &4 field as

shown in Fig 12.5 (b). The presence of lower cotregion of Ni has shown lower Ms and lower
Tc.
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Fig. 12.5. Measurement of (a) magnetization; (bji€Ctemperature of PdNi with Ni 6% sample
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12.3.2 Spin Polarization measurements of RgNix sample with Ni 6% ( Pdh.oaNi 0.06)

Insert of Ni rods was reduced reduced in Pd tatgahg magnetron sputtering to reduce
the percentage of Ni than before. Fig.12.6 shows thfferent conductance curves taken for
different contact resistances. Temperature useshasof the fitting parameters is same as the
experimental temperature of 1.5K. Supreconductiag gf Nb is 1.5meV which has given
reasonable fittings with Z ranging from about @3Pt65. The spin polarization values are shown

in these figures separately.
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Fig.12.6. Conductance curves for PdNi sample wit6%

Since, the polarization, P is found dependenthenbiarrier scattering Z; intrinsic values
of spin polarization corresponding to probable cl@zerface is found by interpolation of P-Z

graph as shown in Fig. 12.7. This gave the value a$ 37.5%.
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Fig. 12.7. Spin polarization as a function of ifaeral barrier scattering for PdNi with Ni 6%
sample

12.4 The case of PdNix sample with Ni 3% (Pth.9MNio.03)
PdNi sample with 3% Ni concentration gave satarathagnetization of 12.6 emu/cm3 at
10K, and it gave Curie temperature of 40K at 10n@gnetic field as shown in Fig. 12.8 (a) and

(b) respectively.

nominal 3% Ni concentration

PdNi (3%) ~ 0.00061
12- 88888888668686g g H
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e 8 Vig < oo004]
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Fig. 12.8. Measurement of (a) magnetization; (bji€Ctemperature of PdNi with Ni 3% sample
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Conductance curves were obtained as usual usingipsbas superconducting tips.
Several such conductance curves were obtained. 8brepresentative curves are shown in Fig.
12.9. For consistency, these conductance curves taken at the same temperature as it was
done for samples with different concentrations. Titteag parameters as shown in corresponding
plots are T=1.5KA for Nb= 1.5 meV. Barrier scattering seems highnewmethese samples with
typical values ranging from 0.4 to 0.6 showing #pen polarization values dependent on the

barrier strength.
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Fig. 12.9. Normalized conductance curves for Nb/Raith 3% Ni samples

The P vs Z plot for 3% Ni sample of PdNi is showmrFig. 12.10. Interpolation of the
quadratic fit of the data shows the intrinsic vatidespin polarization of this sample to be 32.9%

which is less than for 6% Ni sample. With lower centration of Ni, it has been seen that the
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values of saturation magnetization, Curie tempeeaéind spin polarization go lower. This trend

has been seen in the samples sputtered in the lsammeder identical growth conditions of the

samples.

Data
Quadratic Fit
PdNi with Ni at 3%
041 b - .0.349 72+ 0.329
03{
Q 0.2 o
0.14
O-O T T T
0.0 0.2 04 0.6

z

Fig.12.10 Spin polarization as a function of indéerél barrier scattering for PdNi with Ni 3%

sample

12.5 The case of PdNix sample with Ni 2% (Pd.odNio.02)

Separate batch of PANi samples were sputterectireglinsert of Ni rods in Pd target so

as to get 2%Ni in PdNi thin films. However, theeraif deposition was maintained different

while depositing the same thickness of PdNi thimdi While characterizing the films, different

saturation magnetizations were found in these sesnpgCurie temperatures were also found

different. This indicated that magnetization andri€uemperature depend on the growth

conditions of the sample. This helps to anticightg the spin polarization might also depend on

the growh conditions. The exact measurements fersmple are discussed in this section.

12.5.1 The case of RdNix sample with Ni ~2% (sample 1A)

Figure 12.11 (a) shows that the saturation magatiiz for this sample is 1.43 emu/&m

and (b) shows the Curie temperature of this sanmphe 8.43K. The M-H loop shows that PdNi
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with Ni about 2% is still ferromagnetic. Howevehet saturation magnetization is

expected. Correspondingly, the Curie temperatua¢sis low.

PdNilA

M (emu/cm®)
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3.5x10°
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Tc=8.43K

50 100 150 200 250
T (K)

Fig. 12.11 Measurement of (a) magnetization; (byi€iemperature of PdNi with Ni 2%

sample 1A

low as

The motivation was to see the transition of spilapnation, if any, in PdNi samples with

low magnetization values. For that, PCAR spectreevabtained at 1.5K, and the fittings were

done by the same BTK model as was used for otlmeples with higher Ni concentrations. The

conductance curves look conventional. Fig. 12.1®vshfour different conductance curves taken

for different interfacial contact resistances.Thgnigs were possible for T = 1.5K\ = 1.5 for

Nb. Barrier scattering values were different fdfetent contacts. These values were typically in

the range of 0.0 to 0.7.
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Fig. 12.12. Normalized conductance curves for NNliRdth 2% Ni sample (1A)

As shown in Fig. 12.12, the spin polarization valueere different for different
conductance curves. It was found that P values \ifledependent as they were found for
previous samples. Z values, which cannot be cdatt@s we desire, depends on the scattering
situation of electrons at the interface. Makingesal contacts and getting conductance curves
gives a chance of arbitrary change of Z values. &bmky chances give smaller Z which we
generally prefer to be more confident of the irgiinvalues of the samples. In this sample, some
of the lower Z and corresponding P values confinat the quadratic fit is reliable enough to get
intrinsic value of spin polarization accurately. dépendence of P for this sample is shown in
Fig. 12.13, from which the intrinsic spin polarimet of PdNi with 2% Ni is found to be 40.23%.

Interesting enough, the value of P is higher fas ample than for 3%Ni sample of PdNi.
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Different growth condition might be responsible tbis change, or there may be overshooting of
P for PdNi samples with concentration close toiaaitconcentration. This is not clear at this

pont. More samples of PdNi with concentration oH26 were measured to get better idea.
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Fig. 12.13 Spin polarization as a function of ifaeral barrier scattering for PdNi with Ni 2%
sample 1A

12.5.2 The case of RdNix sample with Ni ~2% (sample 2A)

Saturation magnetization and Curie temperatureHisr sample were found to be 2.23

emu/cnt and 41.8K as shown in Fig. 12.14 (a) and (b) retbpsly.

PdNi2% sample 2A
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Fig. 12.14 Measurement of (a) magnetization; (bj€iemperature of PANi with Ni 2% sample

2A
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The conductance curves obtained for this samplecangentional, and their fitting is
done at 1.5K, the experimental temperature. ThefpfiAn, = 1.5 meV giving typical values of
Z from 0.3 to 0.5and the P values dependent on Z. Figure 12.15 skome of representative

conductance curves for this sample.
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Fig. 12.15 Normalized conductance curvedNto'PdNi with 2% Ni sample (2A)

Interpolation of Z dependence curve gives thenstd value of P for this sample to be
41.8% as shown in Fig. 12.16. The difference irs Blue to different saturation magnetization

compared to the previous sample which will be careghén detail later.
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Fig. 12.16. Spin polarization as a function of ifaeial barrier scattering for PdNi with Ni 2%
sample 2A

12.5.3 The case of RdNix sample with Ni ~2% (sample 3A)

Saturation Magnetization for this sample was messto be 6.05emu/cinand the Curie

temperature was measured to be 16.6K as showryiiEil7.
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Fig.12.17. Measurement of (a) magnetization; (bj€iemperature of PANi with Ni 2% sample
3A

Fitting of conductance curves was done at T = 1/6K,1.5meV. For this sample also, a
range of barrier scattering values were obtaierseshawn in some of the representative curves

shown in Fig. 12.18.
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Fig. 12.18. Normalized conductance curves for NhiRgth 2% Ni sample (3A)

Quadratic fit of Z-dependance curve gave the isicivalue of P to be 47.7% as shown
in Fig. 12.19. Even though the magnetization is, |Bwalue came high for this sample showing

some inconsistency in the correlation of P withusstion magnetization which will be discussed

later. ¢ Experimental
0.5- - - - -Quad Fit
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Fig. 12.19. Spin polarization as a function of ifaeial barrier scattering for PdNi with Ni 2%
sample 3A
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12.6 The case of pure Pd

Fcc structure of bulk Pd presents a high paramagseesceptibility valuéLitran et. al.,
2006) close to fulfilling Stoner Criterion of magdisen. The electron spin fluctuations in a strong
paramagnet are known to renormalize the quasipamicergy which affects the electron spin
fluctuation coupling constant so that the phasatigiship of electron and back scattered hole
changes controlling the quantum interference inmabrmetal(Aprili et. al., NATO Science
series, Springer). In paramagnetic regime, thesfhcture is described in dirty limit by Usadel
equationgAprili et. al., NATO Science series, Springer):

D, 98

o

+i(L+ A, )ESIng + 2I ,,Sind—Cosd + A ,Cosd = 0,

A =27, Sing,

wheref, the pairing angle contains all the informatiomatbequilibrium properties.
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Fig. 12.20 Normalized conductance curves for pelisRd slab
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For larger spin fluctuations that occur in paranmegnPd,) Sind is smaller so that T
goes higher. It may be the cause of the need diehitemperature to fit data for Pd slab. In case
of ferromagnetic PdNi, exchange field acts likenspependent potential which doesn’t act like
the spin fluctuations that renormalize the enerfiyhe quasiparticles. This may be related to
high Z in Pd and low Z in case of PdNi as discussatier. The normalized conductance curves

for Pd are shown in Fig. 12.20.

Figure 12.21 shows that the spin polarization df i® zero for different values of
scattering barrier potential which arise while ayiag the tip pressure on the Pd surface to have
different contacts, and hence different contacistasces. In both cases of PdNi with Ni 12%

sample and Pd slab, the spin polarization is Zpeddent.

1.0 Nb/Pd
0.54

0.0+ —

-0.54

Spin Polarization, P

-1.0 T T T T T 1
0.72 0.76 0.80 0.84 0.88 0.92

barrier Scattering, Z
Fig. 12.21. Dependance of spin polarization P erdrrier strength Z for Pd sample
12.7 Combined results and discussions for differerdoncentration of Ni in PdNi
We can summarize all the results so far for PdEimples with different Ni
concentrations. Table 12.1 shows the experimera#ties of Curie temperature, saturation
magnetization and spin polarization for these sasipSamples 1A,2A and 3A correspond to

nearly 2%Ni concentration samples deposited witledint rate during magnetron sputtering.
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Table 12.1. Curie temperature, saturation magrteirzand Spin polarization of PgNiy

sample Tc(K) Ms (emu/cc) P%
1A 8.43 1.43 40.23
2A 10.5 2.23 41.8
3A 16.63 6.05 a47.7
3% 40 12.6 32.9
6% 95 55 37.5
12% 175 112 48.8

Curie temperature of PdNi samples was found ptapwl to the saturation
magnetization in the observed range of saturatiagmatization from 1.4 to 112 emu/&rThis
was found consistent in the samples of differenthaFigure 12.22 shows the linear relation.
This indicates that controlling the magnetizatidns possible to control Curie temperature of

PdNi alloy.
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Fig. 12.22 Curie temperature of PdNi samples amation of saturation magnetization
controlled by controlling the concentration of Ni
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Spin polarization values of PdNi samples was foprmportional to Curie temperature
for the samples of the same batch indicating theedéency on growth condition. However,
when all data is considered together for samplasift#rent batches, it is seen that P is in higher
profile in the samples with lower Curie temperataoeresponding to Ni concentration of about
2% as shown in Fig.12.23. At Tc of about 40K, Puealvas found lowest and it was found
increased at higher Curie temperature to 112K, langest observed value of Tc for 12% Ni
concentration sample. From the overall trend, itificult to find the generalized correlation

between the spin polarization and Curie temperaifiRdNi samples.

Spin Polarization, P
w
il

RN
o O

Pd,_Ni

o

0 40 80 120 160
Curie Temperature,Tc (K)

Fig. 12.23. Spin Polarization as a function of @damperature of PdNi sample with different Ni
concentration
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Finding the correlation between the spin polarmatnd saturation magnetization was
main objective of this project. With the measuretaemth two different batches of samples, it is
observed that P values are proportional to Ms tiergame batch of samples (Fig. 12.24). The
linearity of Ms dependence of P is seen for conmegioh range of Ni from 3% to 12%. This is
also observed at around 2% Ni concentration for samples with different magnetization.
However, naturally slightly different growth condit of different batches of samples might be
responsible for the the nonlinearity for the oviesaimples from 2% to 12% Ni concentration. It
is unlikely that this linearity holds true for highconcentration because the value of P is already
close to the value of P for Ni. So, P values reticaturation beyond certain concentration,

probably 12% Ni as observed in these experiments.
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Fig. 12.24. Spin Polarization as a function of egtion magnetization of PdNi samples with
different Ni concentrations
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12.8  Spin polarization of PdNi (sample 1A with Te 8.4K) at 4.2K and 1.42K

For the sample with low Tc, it is worth knowingwamuch the value of P is at
temperature closer to Tc and at lower temperahae Tc, such as 1.5K. Within the constraint of
available instrument, i.e. He dewer we used, it p@ssible to measure P only at 4.2K which is
the temperature of liquid Helium if it is not pungpén the dewer. Conductance curves were

obtained at 4.2K. Some of such curves plotted &tterg was done are shown in Fig. 12.25.
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Fig. 12.25. Normalized conductance cufeeNb/PdNi with 2% Ni sample (1A) at 4.2K
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Several such conductance curves were taken fl@relift contacts which means different
contact resistances. The shape and amplitude aductence curves are dependent on Z as
shown by example of such curves in Fig. 12.25. Zhdependence of P at 4.2Kis found to be
almost uninfluenced by Z as shown in Fig. 12.26e ifttrinsic value of P at 4.2K is found to be

27.9% which will be compared to the P value ofghme sample at lower temperature.
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Fig. 12.26. Spin polarization as a function of ifaeial barrier scattering for PdNi with Ni 2%
sample 1A, at 4.2K

Though the spin polarization of this sample wassneed already at 1.5K, it would be
more relevant to measure it again for the sametig,same contact in the present set up in order
to compare them. So, the conductance curves wdgeneld in the same set up lowering the
temperature by pumping Helium in the cryo dewere Tata were taken at 1.42K, and the

examples of such fit curves are shown in Fig. 12.27
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Fig. 12.27. Normalized conductance curve$fdNi with Ni 2% sample (1A), at 1.42K

Fitting was done for more than a dozen of condwaamurves, and P was found to be Z
dependent as before for this and for other samplest 1.42 K for clean interface (Z=0) was
found to be 37.23% as shown in Fig. 12.28. It &adly observed that the spin polarization at
4.2K (P = 27.9%) is lower than the spin polarizatat 1.42K (37.23%) by 8.3%. The lower
value of P at higher temperature is due to lowegmetization of the sample at higher
temperature. We may expect no spin polarizatiorvada, but due to technical difficulty, it was

not possible to obtain conductance at higher teatper than 4.2K in the system we used.
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For this particular sample, the spin polarizatioaswneasured before also as shown in
Fig 12.12 at 1.5K, and it was found to be 40.2%sEnt value at 1.42K is 37.23% which is close
within +/-3%, which is reasonable in such measurgserhis provides a concrete example of

reproducibility of the P values.
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Fig.12.28 Spin polarization as a function of indéerél barrier scattering for PdNi with Ni 2%
sample 1A, at 1.42K

12.9 Conclusion

Curie temperature, saturatioin magnetization goid golarization were measured for six
different thin film samples of PdNi with differeii concentrations. Curie temperatures of the
samples were found to be proportional to their rediton magnetization. Spin polarization was
found to be proportional to the saturation magmaitn and the Curie temperature as well but
this proportional trend was true only for the sagspsputtered at the same batch, otherwise the

proportionality had different slope for the sampdesittered at different batches. This is possible
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due to the fact that spin polarization values mayshrface sensitive, and the surfaces of the
films fabricated at different batches might haviedent topological and termination properties.
This needs further study to understand the trertietlata. The spin polarization values ranged
from about 33% to 49% in PdNi samples with the bighvalue for the sample with 12% Ni

concentration, the largest concentration of Niun study.
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CHAPTER 13

MAGNETISM AND SUPERCONDUCTIVITY IN COBALT DOPED IRO N PNICTIDE
BaFeAs;

13.1 Introduction

After the first discovery of superconductivity Hg with transition temperature; Tof
4.2K in 1911 by H. Kamerlingh [Onnes, 1911], sciststwere intrigued to find materials with
higher transition temperature for the purpose aicpcal application of such materials. Among
pure metal, the highest. Df 9.2K was found in Nb [Meissner et al., 1930fXt possibility
remained to investigate the alloys, and the higAgsbf 23K was found in Nise in 1972
[Gavaler, 1973]. After 14 years, a dramatic breakigh was the report by Bednorz and Muller
of T. of 35K in copper based alloy £ BaCuQ, for x = 0.15 [Bednorz et al., 1986]. Frenetic
search for other materials gave thef92K in YBa&CusO7 (6 = 0.1) in 1987 [Wu et al., 1987],
110K in BbSr.CaCw0Osss (X<1) in 1988 [Maeda et al., 1988], 125K in,B&CaCuO;p in
1988 [Hook et al., 1991]. Although cuprate supedtators (LaBaCuO) have transition
temperature above boiling point of Nitrogen, thefibit a very short coherence length, very
high anisotropy, and are brittle which hinder lasgale applications [Wen, 2008]. This forced

the superconductivity community to discover non+et superconductors with high. T

In 2008, Hosono from Tykyo institutetethnology reported superconductivity in LaO
xFx FeAs (x = 0.05-0.12) which is F-doped in parenttarial LaOFeAs (known as “1111”
structure) with T of 26K [Kamihara et al., 2008]. Soon, Such othetterals were reported to
show superconductivity with ;Tof 43K in SmQsdo15-€As [Chen et al., 2008], 50K in
NdOy gd0.15-€As [Chen et. al., arXivicond- mat/0803.3790 K50 PrQ, g0.15-€As [Ren et.
al., 2008] . These materials with layered structurec-axis are referred to as quaternary

oxypnictides and have the general formula LnOMPrenen = La, Ce, Pr, Nd, Sm, Eu, and
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Gd etc.; M = Mn, Fe, Co, and Ni, etc, Pn = P, as &c. As being in the nitrogen group, these
compounds are the compounds of Nitrogen group maat@nd are called “pnictides”. Fig. 1
shows the layered crystal structure of 1111 FeAtn# where FeAs layers are separated by
spacer layers of LaO. Fluorine dopants are intredun LaO layers as shown, and the tansport
measurements show that F-dopped materials haveagldike charge carriers with low density.
This is because the Fluorine replaces Oxygen dupatiectrons to the FeAs layer. Later it was
found that iron based superconductivity is possiblaole-dopped (substituting trivalent La by
divalent Sr and without F doping) system [Wen ef 2008]. In these materials, either by
changing pressure or by doping on 1111 parent mieit was possible to achieve beyond
50K. However, the search for simpler class of malemwith the hope of possibly increasingly
higher T. continued, and superconductivity in Bafks, parent compound , the 122 structure,
without LaO spacer layers was found to be supenectitt with comparable {to compounds
with the 1111 strucuture. Co dopping in Bak® has shown Jup to 22K, and the Co doping
system gives robust superconductivity in FeAs lagrcompared to cuprate superconductors in
which the doping on the Cu sites destroys the swopeluctivity. With this historical
development of why BakAs, compounds are being developed and consideredfential high

T. superconducting materials, this stugyll focus on other magnetic and superconducting
properties of BaF&s,. It is important to recall that the conventiosaperconductors can be

explained by BCS theory, while high Tc materialsroat be explained by this.
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(a) (b)

Fig. 13.1. Crystal structure of Iron Pnictides 1&)l1 FeAs material [Takahashi et al., 2008], (b)
122 FeAs material [Goldman., arXiv:0807.15Z5\Wron moments (shown by red arrows) form
stripped antiferromagnetic pattern in the paremypound of both materials.

13.2 Structural and magnetic transitions in BaFgAs;

BaFegAs, compounds show different structural and magne#insitions compared to
LaOFeAs type of compounds. Unlike separate strattamd magnetic transitions in 1111-type
materials, the first order simultaneous structaradl magnetic transition has been observed by
neutron diffraction studies in 122 type materiddsiging et al., 2008]. The magnetic transition in
BaFeAs, occurs at the same temperature where the strliidrarssition from tetragonal to
orthorhombic symmetry occurs. Fig. 2 shows the ddpecy of resistivity of BaRAs, with
temperature, and it shows the anomaly of resigtiatt 142K which is due to the first order
structural transition which is indicated by the teyssis in neutron diffraction intensity at
diffraction angle 2 = 95.8 as shown by the inset in Fig. 2. In terms ofrthegnetic structures,
antiferromagnetic transition occurs at the sameptgature as the structural transition, and the
antiferromagnetic alignment and magnetic momentoath along the longer a-axis in the FeAs
plane. The first order structural and magnetic ditean indicates strong coupling between the

structural and magnetic order parameters.
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Fig. 13.2. Resistivity while cooling and warming B&FeAs,, and showing structural transition
at Ts = 142K. Inset shows the splitting of neutron ditftion peak below dlindicating magnetic
transition [Huang et al., 2008].

13.3 Effect of Co doping in BaFgAs;

Co (or Ni) doping which is the electron dopingBaFeAs, replaces Fe atom in FeAs layer
producing superconductivity [Sefat et al., 2008}e& though higher Jof 38K was found by
hole doping (replacing some of Ba+ by K+) with theging of Potassium [Rotter et al., 2008] in
BaFeAs,, Co doping is more advantageous due to direcltied carriers in FeAs layers, and it
being easier to handle than alkali metals despgelawer T. = 22K [Sefat et al., 2008].
Temperature dependent resistivity in the ab- plah@arent and its Co-doped compound as
measured by Quantum Design PPMS is shown in F&). Both BaFgAs, and BaFegsCoy /AS;
show metallic behavior with the parent compoundwnghg its resistivity at 300K and 2K to be
5.9 mQcm and 5 Mcm respectively. However, the resistivity for Bag@oAs; is much
smaller than BaFAs, as shown in the inset of Fig. 3(a). The resistiaf BaFeg gCoyAS;
drops suddenly as the temperature is lowered dowiowb 22K showing onset of
superconductivity at 22K at OT of magnetic fieladdait shifts to lower temperatures with the

magnetic field as shown for 8T of magnetic field Fig. 3(a). The transition width of



179

BaFeq sCoyAs; is AT = 0.6K in absence of magnetic field, and it beeswider AT = 1.3K for

8T) when magnetic field is applied indicating tigeFg sCayAS, is type Il superconductor.
Fig. 3(b) shows how Hall coefficient of BaE€0oAs, depends on temperature for various
Cobalt concentration (x = 0.08, 0.16, 0.20, and).g-or x = 0.08 and 0.16, the Hall coefficient
shows big slope corresponding to the anomaly irstiegy. Strong temperature dependence is
observed above the superconducting temperaturéh&1Co concentration of x = 0.2 which,
being consistent with the fact that the Hall caeéint for the SDW state of a sample shows
strong temperature dependence above SDW transitéonperature, indicates that this
concentration of Co gives spin density wave stdithhe sample and indicates strong magnetic
fluctuation. At higher concentration of x = 0.6 @b, Hall coefficient seems independent of
temperature as expected in the Fermi-liquid std&nce, the dependence and evolution of Hall

coefficient with Co concentration indicates tha 8ystem evolves from SDW state to the Fermi

Liquid state.
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Fig.13.3. Temperature dependent (a) [Sefat e2@08] resistivity of BaFesCoy 2AS; at 0T and
8T magnetic fields with inset showing the comparibetween the parent Baks, and Co
doped daughter compound Bakeoy-As,, (b) [Wang et al., 2009] Hall coefficient of BaFe
«Coc As; (x = 0.08, 0.16, 0.2, 0.6).
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13.4 Effect in superconductivity of BaFgAs, due to Co concentration

Field cooled (FC) and zero field cooled (ZFC) capibility show sharp
superconductivity transition as shown in Fig. 4e3é set of data show the data for temperature
range of 2K to 30 K at fixed magnetic field of 5.G@alculation of superconducting volume
fraction shows that it reaches 100% at 2K for tla¢-&,CoAs, sample with x = 0.17, 0.18 and

0.25, and 80% for the sample with x = 0.20 inditgbulk superconductivity in these samples.

0.0
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Fig.13. 4. Temperature dependent susceptibilityBafFe CoAs, (x = 0.17, 0.17, 0.2, 0.25)
[Wang et al., 2009].

13.5 Similarities and differences of Cuprate an@nictide superconductors
To understand the pnictide supercondsctoeople have tried to see the similarities and
differences between superconducting mechanismsuprate superconductors and pnictide
superconductors. The parent compounds of cupedMott insulators whereas the parent
compounds of pnictides are computed to be semilsngingh et al., 2008]. The pnictides are
found to be more isotropic in a magnetic field [Bfi al., 2008] , which may facilitate
technological application due to more effectivenimg of quantized magnetic vortices [Norman,

2008]. Figure 5 shows the topographic images oawdd surface of optimally doped single
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crystal of BaFesCaoyAs, at 6.15K in zero magnetic field, and taken by gemic scanning
tunneling microscope (STM) [Yin et al., 2009]. Altate rows of complex stripelike structures

are seen on the image. Interatomic spacing fronftheier Transform was found to be 3.96A.

(@) (b) (c)

Fig.13.5. (a) Topographic image of the cleavedaaafof BaFgsCayAS,, (b) Zoom in within
the image (a). The circles denote the positiortrgbes structures. The interatomic spacing is 3.96
A [Yin et al., 2009]. (c) Local density approximati (LDA) Fermi Surface of BakgCaoyAS,
(light blue is the low band velocity) [Sefat et, @008].

Co is more strongly hybridized with Asah Fe. Fig. 5(c) shows the calculated Fermi
surface of the virtual crystal without magnetisniteEt of Co doping on the structure of the
Fermi Surface at the virtual crystal level is samito the effect of electron doping on the Ba site
[Sefat et al., 2008]. Possibility of two band sweaductivity arises due to depleted Co
contribution within E, and the same Co contribution gsskarting from 0.2 eV above-EStrong
interband scattering would lead to the assumptfamacs-symmetry superconducting state [Sefat

et al., 2008].

13.6 Pinning of vertex lattice in BaFgCoxAS,

Electron pairing, the fundamental property sofperconductivity is characterized by the
superconducting energy gaypof the material in the electronic density of s¢a(BOS). Yin
(Yin et. al., 2009jound the range of superconducting gap by takisgrées of conductance data

of BaFeg gCoy2As, from 4.5 to 8 meV, and the average of large pdalaia was found to be
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6.25meV at temperature of 6.25K and zero magnegid fYin et. al., 2009]. Muon spin rotation
(LSR) technique allows to investigate the local medig field distribution on a microscopic scale
and to directly access the corresponding volumetitmas [Weidinger et al., 1989]. In this
technique, muons are implanted into the bullk ef¢$hmple. The muons thermalize in short time
scale of about Isec without any noticeable loss in their initiairspolarization. Analogously
as in cuprate superconductors, these muons atg beend to the negatively charged O or As
ions which allows to probe certain volume of ingrm the sample. Positive muon decays into
two neutrinos and a positron which is emitted altmgdirection of the muon spin at the time of
decay. Time resolved detection of the decay pasitnmission rate gives the time evolution of
the spin polarization P(t) of the muon ensemplg. B(a) shows the result of a vortex—lattice
pinning experiment. uSR lineshape data taken #feeicrystal cooled in presence of transverse
field of 0.1 T to 5K during which vortex latticeseadeveloped shows two peaks centered around
0.095T and 0.1T. The first peak corresponds tdoiekground muons that miss the sample, and
the second peak corresponds to the muons thatrstbp sample where the vortex lattice forms
below T; that is strongly pinned by defects such that tlagmetization density cannot follow the
change of the external magnetic field. Splittingween the position of the background and
vortex lattice signals with large amplitude indestthat the crystals BaEg€oAs; (x = 0.2,
0.25) are bulk superconductors. By fitting the Z&ERu time resolved spectra at different
representative temperatures of optimally doped BgF@ ,AS, single crystal by using relaxation
function [Weidinger et al., 1989] the relaxationtera. were extracted which depend on
temperature as shown in Fig. 6(b). It suddenlyaases below J= 25K which reveals the
existence of weak magnetic correlations that setright below T, and shows that the

superconductivity-induced change in the spin dyrami
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Fig. 13.6 (a) Transverse field cooling- uSR dataBare CoAs, (x = 0.2 and 0.25) showing
pinning of the vortex lattice, (b) temperature degence of relaxation rate [Weidinger et al.,
1989].

13.7. The phase diagram of BaRgCo0,AS;

A complete phase diagram of electronic evolutiofingel by the anomaly in resistivity JTand
the superconductivity () transition by resistivity and susceptibility resgtively, as shown in
Fig. 7 shows that the spin density wave (SDW) statippressed (reduction of SDW transition
temperature) with Co doping, and Fermi liquid stdvelops. In the Co doping range of
0.15%x<0.20, SDW state and superconductivity coexist inFBaCoAs, system. Further
increase in Co doping shows the temperature inadkgrerHall coefficient, and Curie-Weiss-like
behavior supporting the emergence of Fermi-liqguates T-linear behavior in susceptibility is
expected in superconducting samples, and it isrebdaip to 700K in BakeCoAs; system for
x>0.2 showing strong magnetic fluctuation above SDdMéering, and T behavior in
susceptibility is observed in the overdoped sanfyilang et al., 2009]. This indicates that the
strong magnetic fluctuation could be important $operconducting mechanism in iron based

122 systems.
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Fig.13. 7. The phase diagram of Bak@oAs, within the range €x<0.40. Both Tand T are
determined by resistivity [Wang et al., 2009].

13.8 Temperature dependent and magnetic field depdent conductance, andndication
of pseudogap in BaFggCop 1AS;

Understanding the superconductivity mnitbased superconductors is a growing interest,
and Point Contact Andreev Reflection (PCAR) spectopy was used [Panguluri et al.,
unpublished] to obtain temperature spectra of cotaiice curves for Balrg Coy1AS, at zero
magnetic field as shown in Fig. 8(a) so that supdlacting gap can be extracted from these
conductance curves. Interestingly, besides re®G8 superconducting gap, different wider gap
appeared below superconducting transition tempexaiti around 12 meV, and it was called
pseudogap. It was possible to suppress this gapapplying magnetic field ~14 KG
perpendicular to the ab-plane whereas the BCS gapt suppressed even at 7T. Fig. 8(b)
shows the magnetic field spectra at 12K for Bafa, 1As,. The magnetic field to suppress the
BCS gap at 2K is 4T and at 7K is 2T (not shown hesleowing the need of lower magnetic field
to suppress the pseudogap at higher temperaturen #his, it is possible to speculate that the

pseudogap could arise from antiferromagnetic flatttuns emanating locally in this system.
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Fig. 13.8. (a) Temperature dependent conductanceesuor a Au/ BaCgFe gAs, with a
contact resistance ~¥in zero magnetic field, b) Field dependent condnceé curves for the
same contact at 12K, and showing the pseudogapesgipn by magnetic field perpendicular to
ab-plane for the same contact.

13.9 Conclusions

To sum up, this study has attempted tomrsarize the historical development of
superconductivity showing the trend on how Co dop28 iron pnictides came into play. The
transport, magnetic, and superconductive propedife8aFe Co/As, superconductors have
been discussed. With Co doping, magnetic orddestroyed and superconductivity is induced.
The evolution from SDW state to Fermi-liquid staded their coexistence at x = 0.17 is shown
by the phase diagram. Evidence of pseudogap belpersonducting transition temperature, and
its suppression with magnetic field, was found P Contact Andreev Reflection (PCAR)
technique. In the pursuit of higher Superconductors, there can be different routes sisc
finding materials with new structures, or fabriogtimaterials with layered structure of FeAs.
However, exact reason of pairing mechanism for sugueluctivity in such materials is still a

guestion of research.
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CHAPTER 14

MAGNETISM AND SPIN POLARIZATION OF PLATINUM THIN FI  LMS

14.1 Introduction

Transition metal platinum with atomic number 78 haztially filled 5d shell with
electronic configuration [Xe] 4f5d° 6s' and a spin triplet ground state. In the bulk, Résdnot
show magnetic ordering. However, literature shoWat tits magnetic properties have been
studied in its different forms. Makoto [Sasaki et 4998] have reported that the samples of Pt
nano-particles in the form of cluster, and sammgk®t nano wires in the form of nano-rods
exhibit magnetism with magnetic moments of 1idper Pt and 0.13{ig per Pt respectively.
They found different temperature dependence of mt@gation of Pt nano particles and nano
rods which they think is possible due to the amggt morphology of Pt nano-wires for the
electron-spin ordering.

Ferromagnetism in Pt nanowires has been predibesatetically by Delin et al. [Delin et
al., 2004]. Their calculation showed that the maignemoment of one dimensional equally
spaced Pt chain in equilibrium bond length of 2248 0.6 ug per atom and it increases if the
bond length is stretched. The magnetism they oksewas Hund’s rule magnetism. They also
predicted that more majority bands cross the Fégwel than do minority bands, resulting in a
partial spin polarization of the transmitted elentr current. Magnetic anisotropy of
spontaneously magnetized nanosystem such as apngdatcluster or a nanowire is a crucial
parameter because it helps to reduce the magnituitermal (superparamagnetic) fluctuations,
and such anisotropy are theoretically predicteshamatomic free and deposited Pt nano wires by
Smogunov et al. [Smogunov et al., 2008]. Orbitagnedization and the spin orbit coupling is

the cause of such anisotropy whose maximal valoeldhcorrespond to minimal atomic caging
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such as adatom and linear atomic chain; and icdlse of Pt chain, the anisotropy persists after
weak adsorption on an inert substrate or surfagp ggmogunov et al., 2008]. The magnetic
profiles for the scalar and fully relativistic calations are found to be different for Pt. Scalar
relativistic calculation predicts that Pt is magoeinly for stretched wires, whereas the fully
relativistic calculation predicts it to be magneiicthe range of bond lengths ~2.2 to 3.2 A

[Delin et al., 2003].

Detailed study of Pt clusters is found in Kumarakt[Kumar et al., 2008]. They have
reported that Pt clusters have small magnetic mesnehich tend to decrease with an oscillatory
behavior as the cluster size increases which theyam considering ferromagnetic and
antiferromagnetic couplings between the spins mesgases. Even the large octahedral clusters
differ from bulk surface due to large dispersionl @ime presence of low coordination sites, such
as edges and vertices, and such nearly planar lhssvether open structures in the small size
range give Pt particles with different structuresd gproperties [Kumar et al., 2008]. Such
behavior will be helpful in explaining the origifi magnetism in Pt thin films we observed.

Magnetism of 3d, 4d and 5d transition metals inrtingonolayer thin films on noble
metal (001) substrates such as Ag (001) and Au)j0@ds studied bilugel [Bligel., 1992]. He
predicted ferromagnetism of 5d transition metal olayers for the first time. For Ir on Ag (001)
and Au (001) substrate the magnetic moments ofu@ @ere predicted theoretically. In some
cases, the magnetism is found dependent on thdratghsnaterial. For an instance, Os was
predicted magnetic on Ag (001) substrate but nommatg on Au (001) substrate. Pd and Pt
monolayers, which are in 4d and 5d series, are agnetic [Blugel., 1992Bllgel., 1995] since

the d-d hybridization between monolayers and safestdestroys the magnetic moment
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[Redinger et al., 1995T he hybridization between the d-orbitals and thelsptrons of the noble

metal substrate is the controlling parameter ofmeéigm in such monolayers [Bligel., 1992].

After three years of studying the magnetism of ntayer, magnetism of 4d and 5d
transition metal bilayers on noble elements Ag j0flibstrate was studied by Bligel [Blugel.,
1995] byab initio calculations. It was reported that bilayer of Pbwhld ferromagnetism as
shown by Rh, Pd, and Ir, but compared to monolagéis, Os on Ag (001)the moments are
strongly reduced to less than 0.35pdicating that the magnetic moment is dependenthe
thickness of the film and also indicating the pblssieffects of island growth and cluster
formation in magnetic properties [Bligel., 1995). ¢ase of 3d metal films, Ferromagnetic
monolayers Fe, Co, and Ni remain ferromagnetic ugeposition of additional layers, whereas
V, Cr, and Mn monolayers show an in-plane antifexagnetic order which, except V which
becomes non magnetic, transforms after additicengrl deposition to antiferromagnetic order
normal to the surface [Blugel., 1995]. The suddelapse of the magnetic moments of the
bilayers was explained with the onset of the d-driajyzation due to the existence of the second
transition-metal layer. The presence of weak magmein Pt bilayers is the onset of bulk effect,
and it is driven by the expansion of the Pt latiosstants due to the Ag substrate [Blugel.,
1995]. However, these studies were done for theadad) Au (001) substrates only and possible
magnetism for thicker films (several layers), anaiher substrates such as Si is unknown in this

study. Our study will try to address such issues.

Magnetism of 4d (Mo, Tc, Ru, Rh, Pd) and 5d (Re, IQ<ransition-metal over layers on
Ag (111) was studied by Redinger et al. [Redingeale 1995]. Theirab initio calculations
showed that Ru, Rh, and Ir have nonvanishing magmedments. Similar study on Ag (100)

and Au (100) substrates were done [Blugel., 1992, & al., 1991, Eriksson et al.,1991, Blugel
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et al.,, 1992, Wu et al., 1992], and the same ti@enthagnetic moment was found with the

magnetic moments of the (111) oriented monolayeiagosmaller due to the increase of the
coordination number in the monolayer film [Reding¢ral., 1995]. These results show that the
magnetism of monolayers of 4d and 5d transitionalsetilepends on substrate orientation and
local atomic coordination.

Thinking that the magnetism might have complica#dcts due to intermixing of 4d and
5d transition metals with metal substrates likeakgl Au, Yang et al. [Yang et al., 2010] used
oxide substrate such as MgO (001) to predict magnedbyab initio calculations in ultrathin Pt
monolayer films formed on them. They found a higinglty of states (DOS) peak of NJE=
4.42 states/eV/(1x1) at the Fermi energy, Bnd using the Stoner exchange integral, | =5.29
eV [Sigalas et al., 1994], they found that the 8tacriterion for ferromagnetism, N(El > 1 is
satisfied leading to the ferromagnetism of Pt mapet on MgO(001) with magnetic moment of
0.895 [Yang et al., 2010] which is larger than the valwé 0.23jg/atom and 0.33g1/atom for
the surface and the interface Pt atoms of magfetlmlayers on Ag(001) [Blugel., 1995]. This
magnetic moment on MgO (001) was close to the nmagnement of calculated value (0£u
of freestanding Pt monolayer which indicates thatunusual magnetism in 1-ML Pt/MgO(001)
is related to the appearance of ferromagnetisntfieestanding Pt monolayer.

From these discussions we can summarize that thgnetia moments of lower
dimensional Pt such as adatoms, nanorods, bilayeroble metal substrates like Ag (001) and
Au (001), and monolayer on oxide substrate suchMg® (001), and even freestanding
monolayers are possible. However, it is not sedahenliterature about the magnetism of several
layers of Pt thin films. In our case, we studied thagnetism of Pt thin films ranging from 10nm

to 100nm, and its dependence on the thicknessedilth and the surface roughness of the films.
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Magnetizations were measured using SQUID, and #Hiey were cross-checked for some
samples by using neutron scattering. Also, thesprart spin polarization of Pt thin films was
studied. Intrinsic values of transport spin polatian of 40.2% to 52.6% were measured for
different Pt samples. This is a strong supporttfar existence of magnetism in Pt thin films.

This will be discussed in the sections ahead.

The structural study of Pt thin films is reporteg lam et.al. [Lim et al., 2004]. They
report that the sputtered Pt thin films usuallywteohighly (111) textured growth behavior with
(111) direction perpendicular to the substrateasigf and the in plane orientation is random. The
properties and structure of Pt films such as strgsain size, degree of texturing, surface
roughness, and defect concentration are influermedhe growth conditions. These factors

influence the performance of functional thin filmsvarious ways [Lim et al., 2004].

14.2  Platinum thin film fabrication

In order to study the magnetism in Pt thin filmsddo study transport spin polarization
in those films, several samples of different thieks were deposited by using Pt target of 99.99%
purity. Platinum thin films of thickness 10, 1221.2, 25.55, 30, 33.3, 55.5, 65.18, 74, and
100nm were used for the study. 10nm and 30 nnkthims were prepared by e-beam
deposition, and the rest of the films were depdshig magnetron sputterind-he deposition
conditions were kept the same within experimemmaittions.
14.2.1 Measurement of Film thickness

Film thickness was estimated by the crystal monitaring deposition. To cross check
and confirm, the thickness of the films were measury XRR method also. The thicknesses

expected from the crystal monitor method were teiable, so the thicknesses from the XRR
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method were considered the final and exact val&sne of the fits of the data by XRR method

are shown in Fig. 14.1.
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Fig.14.1. Some representative curves of measurasnoéiit film thickness by XRR method: Top
left panel, Pt thickness = 12.75nm, Top right paRelthickness = 25.55nm, Bottom left panel,
Pt thickness = 30 nm, Bottom right panel, Pt theds1= 65.16nm

14.3 Magnetization measurements of various Pt thifilms

The magnetization of all thin films of Pt were ma@sl by superconducting quantum
interference device (SQUID) in both parallel andpeadicular configurations, i.e. when the
plane of the sample is parallel to the magnetitd fiand when it is perpendicular to the
magnetizing field in the SQUID respectively. Sevg@iaces of the same sample were stacked so

as to increase the signal of magnetization, whienewater normalized with the volume of Pt
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films used to get the magnetization in emulciior every sample, the magnetization was
measured at 300K and at 5K from -0.5T to +0.5T efgnetizing field. The M-H loops for
different samples at 10K and 300K for H paralletite sample plane and H perpendicular to the

sample plane are given in Fig. 14.2 (a-)).
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Fig. 14.2. (a) Magnetization measurements ofIRisfilOnm in thickness in H parallel to sample
plane (top two panels in red colour), and in H pedpcular to the sample plane (bottom two
panels in blue colour).
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Fig. 14.2. (b) Magnetization measurements of usfil2.7nm in thickness in H parallel to
sample plane (top two panels in red colour), and perpendicular to the sample plane (bottom
two panels in blue colour).
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Fig. 14.2. (c) Magnetization measurements of Ptsfi21.2nm in thickness in H parallel to
sample plane (top two panels in red colour), and erpendicular to the sample plane (bottom
two panels in blue colour).
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Fig. 14.2. (d) Magnetization measurements of Risfi25.55nm in thickness in H parallel to
sample plane (top two panels in red colour), and perpendicular to the sample plane (bottom
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Fig. 14.2. (f) Magnetization measurements of Pbdi33.33nm in thickness in H parallel to
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Fig. 14.2. (g) Magnetization measurements of usfi55.5nm in thickness in H parallel to
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Fig. 14.2. (i) Magnetization measurements of gi74nm in thickness in H parallel to sample
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14.3.1 Magnetization measurement by Neutron Scatterg

Neutron scattering is reliable technique to measnagnetic moments on the surface.
This technique was applied to the Pt thin film sengf 65.18nm. The fitting of the data as
shown in Fig. 14.3 reveals the magnetic momentbolut8 emu/cc consistent with the SQUID
measurements of the same sample as discussed .b&foie confirms the existence of

ferromagnetism on the surface of Pt thin films.

PtE5.18nm in air 200mt

Ciris per mirdir court « O

o slelc|o

Fig. 14.3. Measuremdnthagnetism by neutron scattering

14.3.2 Magnetism of Pt rough surface from the firsprinciple study

The possibility of magnetism of Pt (111) texturedigh surface has been studied by the
first principles. This study on different topologiceatures on the surface of Pt (111) that are
frequently observed in fcc metal surfaces showsttieideal Pt surface as well as single layered
thick surfaces are not magnetic, but the 3D islandee shape of pyramid as shown in Fig. 14.4
have a net moment of i This demonstrates the importanceh# local coordination and the

roughness in the epitaxial films.
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Figure 14.4. Atomic structure of the 4-atom Pt pyichon Pt(111) surface.

The 3D islands can be viewed as supported clu3teis structure exhibits a local
magnetic moment. The reason for the existence efldbal moments is related to the charge
transfer from the sharp pyramid vertex to the inPesites making density of states at the Fermi
level higher due to narrowing of the d-state peakshown in Fig. 14.5. Stoner criterion is

satisfied in this case and magnetic solution besosteble.
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Fig. 14.5. Local densitt#g-states of Pt at the vertex site of the pychmi
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The isosurface of charge density of Pt pyramid b(LP1) surface as shown in Fig. 14.6
Shows that the largest charge density is at thep4Pt sites, but non-negligible contribution to

total magnetization comes also from inner siteBtdflm.

Fig. 14.6. Isosurface of charge density of Pt pydaom Pt (111) surface

14.4 Roughness study by AFM

Roughness of Pt surface of all samples was mehdwyeAtomic Force Microscope
(AFM), and the data was analyzed by the image processiitgase XEI of Park Systems.
Average roughness was recorded at different clegioms of the images, and their average was
taken to find the final average roughness of eachpte. Wenzel roughness or surface area ratio
was measured for all samples. It is defined [XElt\Bare manual, Version 1.7.6] as 100(%) x
(Geometric Area — Surface Area) / (Geometric Aré&ure 14.7 shows the AFM images of

most of the samples studied.
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Fig. 14.7. AFM images of typical topaghy of Pt surfaces of different samples
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The average roughness measured in nm as a funatitimckness of the samples is
shown in Fig.14.8 (a). It shows that the surfaceghmess has increased for the increasing
thickness up to 65.18nm, and beyond this thicknéss,surface roughness seems decreasing
again up to the thickness of 100nm. Possibly sdifi#rences in sample fabrications conditions

are responsible for such roughness variations.
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Fig. 14.8. Roughness of Pt thin film surfacesr@alghness average of Pt thin film surface as a
function of thickness of Pt deposition, (b) Wenazglo as a function of thin film thickness

The surface area ratio, also called Wenzel rai@ &unction of film thickness for these
samples is shown in fig 14.8 (b). Even though ias$ clear what parameters exactly control the
surface roughness of the films, it is found that tibm of thickness 65.18nm has the maximum
surface area ratio among all other samples studliedould be interesting to find whether the
magnetism observed in Pt thin films is dependenthensurface roughness or not. This will be

discussed shortly in the next section.

14.5 Correlation of magnetism with thickness
Magnetic moment in unit area of film surface ofsBmples of different thickness seems

nearly independent of their thicknesses. Figur® $ows the experimental data of Mxd, where
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M is the magnetization in emu/émand d is the thickness of the sample in cm. Figur®(a)
shows the magnetization data taken at 10K and J00Khe configuration when magnetizing
field was parallel to the sample surface, and E§9(b) shows the same data together with the
magnetization data in the configuration when magngeld is perpendicular to the sample
surface. These plots show that the surface magmesisndependent of the film thickness and
indicate that the magnetism observed in Pt thimdilis not volume magnetism, rather it is
developed on the surface with almost constant serfmagnetization. The parallel and
perpendicular cases show similar values of magst&tiz within experimental limitations, and

these data indicate that Pt thin films are not@nipic in terms of their magnetizations.
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Fig.14.9. Surface magnetization of Pt samples @astilon of their thickness, (a) when the field is
parallel to the sample surface, and (b) when télel fis perpendicular to the sample surface as

compared to the parallel case
14.6 Correlation of magnetism with roughness

Figure 14.10(a) shows the surface magnetizatiom disnction of Wenzel roughness
(surface area ratio). It also shows that the sarfaagnetization is more or less independent of

Wenzel roughness. Such roughness independenceowad, fas shown in Fig. 14.10(b), even
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when simply the roughness average was considdredpdssible that the presence of roughness

itself, not its extent, on the Pt thin film surfaisethe cause of existence of magnetism in such

films.
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Fig. 14.10. Surface magnetizalbrd (emu/cm) as a function of surface area ratio.

14.7 Spin polarization measurements for different Psamples

Point contact Andreev reflection (PCAR) techniquaswised to measure the values of
spin polarization of Pt samples with various thiekses ranging from 10nm to 100nm. All data
were obtained by using electrochemically etchedtipg. Fitting of the conductance data were
done by using modified BTK model. Conductance csirf@ several contact resistance were
obtained for each Pt sample, and the Z dependehée was found in each case. Two of
conductance curves as representative curves for Rasample, and the Z dependence of P for
each sample are tabulated in table 14.1. The sitrivalue of P which corresponds to Z=0 for
each sample is extracted from P-Z curves. Thewlata taken at 1.5K and the superconducting

gap of Nb,A =1.5 meV was used for fitting the data. The fgtiparameters for individual

conductance are shown along with the corresporalstg shown in table 14.1.
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Table 14.1. Normalized conductance curves for warit thin films, Z dependence of P and
intrinsic values of P measured by point contadhnégque.

Sample/ | Representative Representative Z dependence of p Intrinsic
thickness | Conductance curve 1| Conductance curve 2 value of
P for Z=0
@ SriPt10nm51110n1 7= 1 5K o Sa2Pt10nm51110n3 p
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81.0 s St .03 >
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P S1.0p 0.1 P =0.48033 x*+0.44333
57864202468 £ 0.0
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14.7.1 Spin Polarization as a function of film thikness

The measured values of spin polarization indicheg it is hard to find any
dependence of P on the thickness of the samplesievdr, the data indicate almost linear
relation with close values of P as shown in Fig.114 It would be better to indicate that the
intrinsic values of spin polarization are foundvbetn ~40% to ~53% for Pt samples with
different thicknesses. Any concrete correlationPofvith film thickness of Pt samples is not
found. Any possibility of whether P values depemdtloeir magnetization will be discussed in

the following sections.
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Fig. 14.11. Spin polarization data for Pt thin fismmples with different thickness

14.7.2 Spin polarization as a function of Wenzel tmghness (Surface area ratio)
Since the Wenzel ratio, i.e. the surface area vedi® found different for different films, it

would be interesting to see the correlation of ssgtiace roughness on spin polarization. This
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will implicitly reflect the dependence of P on magmation which might be originated from the
surface roughness of the films. As shown in Figl24the experimental data indicate that the
spin polarization as a function of Wenzel roughnesalmost constant within its experimental

spread for different samples. This is consisterhwimost constant surface magnetism of the

samples with surface area ratio.

100

¢ data
Linear Fit

[0}
o
n

©
Og

40+

204

Spinpolarization, P (%)

o

o 1 2 3 4 5
Surface Area Ratio (%)

'
[N

Fig.14.12. Spin polarization as action of surface area ratio (Wenzel roughness)

14.7.3 Spin polarization as a function of magnetizen

Correlation between spin polarization and maga&btn is not universal; it is system
dependent as explained in 815.6 in ChapteiSt5.it is important to see how they are related in
Pt thin film samples. The data shown in Fig. 14(dBindicate that the values of P are almost
constant with the volume saturation magnetizatibthe films. Also, the P values are within the

band between 40% and 53% as a function of surfagmatization (emu/cfj
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14.7.4 Spin polarization as a function of Coerciwt

The plots in Fig.14.14 show how the spin polarmatdepends on corecivity in both in
parallel and perpendicular configurations. Bothtplshow that the spin polarization is almost

constant with the coercivity of the samples.
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Fig.14.14. Spin polarization as a function of coatg, (a) when the magnetizing field is parallel
to the sample surface, and (b) when the magnetfigtdyis perpendicular to the sample surface
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14.8 Conclusions

Pt thin films sputtered by e-beam evaporation ogme&on sputtering are found to be
ferromagnetic. The magnetism is independent oftthekness of the films, and the surface
magnetism (emu/cfhis more or less constant for different samplée &xistence of magnetism
as observed by SQUID, PCAR and neutron scatteringuipported by the first principle
calculation for the 3D islands in the shape of pthof Pt atoms. The reason for the local
moment in such pyramid is related to the chargestea from the sharp pyramid vertex to the
inner Pt sites making density of states at the Fé&wel higher due to the narrowing of the d-
state peak. Stoner criterion is satisfied in tlaiseccausing such rough Pt surfaces ferromagnetic.

It is found that the spin polarization values oftiin films of thickness between 10nm
and 100nm are found in between 40% and 53%. Theues do not have strong correlation with
different parameters such as thickness, roughmsesstation magnetization (emu/f@msurface
magnetization (emu/cfh and coercivity. It seems that the sample prefmaratonditions and

topography of sample surfaces play some role fiberéint values of spin polarization.

More importantly, the Pt thin films are ferromagogtas confirmed by series of
measurements of magnetization by SQUID, and crbesking the existence of magnetization
by neutron scattering. Measured finite values afigport spin polarizations also confirm that the
Pt surfaces are ferromagnetic which we proposeduss to the Pt clusters in the form of
pyramids of Pt atoms on the rough surfaces of iRtfilms deposited by e-beam evaporation and

magnetron sputtering.
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CHAPTER 15

TRANSPORT SPIN POLARIZATION OF HIGH CURIE TEMPERATU RE
FERROMAGNETIC MnBi FILMS BY ANDREEV REFLECTION

15.1 Introduction

Spin generation and injection are very importastiégs in spintronics. Especially, spin
injection from ferromagnet to semiconductors isliemging due to low interface resistance [van
Son et al., 2000]. Such problem can be circumvebtedsing the ferromagnet of high Curie
temperature, high conductivity and high spin palation. MnBi is stable in its NiAs phase and
seems to be a potential candidate due to its $eifaoperties such as high Curie temperature
[Heikes, 1955] of (628K) in stable NiAs phase atmotemperature, high coercivity [Guo et al.,
1993], large perpendicular room temperature aropgtin thin films [Rudiger et al., 2000], and
high Kerr rotation (useful for magnetooptical (M@cording) [Fasol, 1996]. These unusual
magnetic and magneto-optical properties have dezmain motivation for the intensive studies
on the various properties of this material [Kasual.,1976; Shen et al.,1991; Jaswal et al., 1994;
Kohler et al., 1996; Rudigest al, 1997; Bandaru et al., 1999]. Even though MnBizinc
blende structure is half metallic [Xu et al., 20@2eng et al., 2004; Kahal et al., 2010], it is
difficult to grow and it may be metastable phaset BInBi in NiAs phase is stable phase with
high magnetic and structural transition temperatfr628K, and due to the possibility that the
interfacial condition may be changed by the additxd Bismuth, it is particularly important to
measure the transport spin polarization of MnBithe NiAs structure [Kharel et al., 2011],
which is also relevant to the understanding of Mnpinctions that show a large
magnetoresistance (70% at room temperature) [@iiféd al., 2004]. Transport spin polarization
of MnBi films has been measured by point contactiev reflection spectroscopy and the

experimental values are compared with the theailetialculations. Correlation between the
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transport spin polarization and the saturation mneigation on these films has been established

in this study.

15.2 MnBi samples and their structure

Four different samples (A, B, C, D) of MnBi filnvgere prepared on glass substrate by
sequential e-beam evaporation of Bi and Mn withsegientin situ annealing of bilayers
immediately after the deposition. High-quality Mntin films can be grown by this method by
maintaining the atomic ratio of Mn:Bi = 55:45 [Klehet al., 2010]. Samples A, C, and D were
32nm thick, and sample B was 47nm thick. Two samffe and C) were deposited at room
temperature and annealed for 1 hour at@ldhd 400C, respectively; the other two samples (B
and D) were deposited at I1€5and annealed at 3%®Dfor 1.5 hours and 1 hour, respectively. All
of the samples were single-phase MnBi highly teedupolycrystalline films, with a hexagonal

NiAs crystal structure, although small traces enetntal Bi have been detected as shown in X-

ray- diffraction spectra in Fig. 15.1.
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Fig. 15.1 X-ray-diffraction spectra of MnBi film gmples A and D) show strong diffraction
peaks from (002) and (004) planes indicating pretec-axis orientation of the films [Kharel et
al., 2011].
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15.3 Magnetization of MnBi

Magnetic hysteresis loops obtained for all samplee well-defined rectangular loops in
the out of plane geometry as shown, for sample rDFig. 15.2. This indicates that the
magnetization easy axis in perpendicular to thepsamplane. The curves show that the samples
are highly anisotropic with magnetization easy aaigng c-axis. Saturation magnetizations
measured for samples A, B, C, and D are 503, 488, d4nd 425 emu/cm3 respectively with
corresponding coercivities of 8.4, 3.2, 7.9, antliOe at 300 K. It is seen that these values are

dependent on sample preparation conditions.
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el

© 200}

- I

E ol

s

s -200

- i —— Perpendicular
400 - mﬂﬂﬁnm—-— E’aralllel .

40 20 0 20 40
H (kOe)

Fig. 15.2. Magnetization loops in the magneticdfiparallel and perpendicular to the sample
plane
15.4 Resistivity of MnBi

The resistivity as a function of temperature (Fi§.3) show that MnBi samples are
metallic. The resistivity at 4K is ~1%cm with the residual resistivity ratio (rrr) of S8for all
samples. Unlike the expectation of dependence of resistivity at low temperature fomkve
ferromagnetic materials, MnBi samples follow anmatous power lawp~T") with m between
2.9 to 3.6, similarly to what has been observed&df -metallic film such as CexJGupta et al.,
2000]. The inset shows the power law dependencmfer2.9 for the resistivity below 30K.
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Fig. 15.3. Resistivity of MnBi film(samples A and D) as a function of temperature
15.5 Point Contact Andreev Reflection of MnBi

Transport spin polarization of MnBi was measured usyng Point Contact Andreev

Reflection (PCAR) spectroscopy. Electrochemicalghed Nb tip was used as superconductor in
contact with magnetic material MnBi thin film on,Sand the data were taken at 1.5K.
Characteristic conductance curves with dip in catalce at zero bias were obtained which
indicate the suppression of Andreev reflection tluespin polarization of current. For every
sample A, B, C and D two of the typical conductarmeves are shown in Fig. 15.4.
Conductance curves (a) and (b) are for sample Aad (e) for sample B; (f) and (g) are for
sample C; and (i) and (j) are for sample D. HFiftof the data was done using modified BTK
model. Data taken for different contact resistarstesv that the spin polarization value depends
on interfacial barrier strength (Z) between the Mrdirface and Nb superconductor. Z
dependence of P for samples A, B, C and D are shoWwig. 15.4 (c), (f), (i), (). For every case,
intrinsic value of spin polarization have been oi#d by extrapolation of the curve to Z=0
(perfectly transparent interfad&trijkers et al., 2001]. For samples A, B, C andtiie intrinsic

values are found to be 63 + 0.8%, 57.8 +1.6%2 + 2.4%, and 51.7 + 1.1%.
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15.6 Correlation between spin polarization and maggtization, and transport regime

As spin polarizationHyt ) is associated with the electronic states near greniFenergy
and the respective Fermi velocities, whereas thgnet&c moment is associated with the
algebraic sum of occupancies of all majority andanity spin states, there is no reason for these
guantities to be related [Kharel et al., 2011]. leger, in some case the linear relationship
betweenPr andM has been reported [Meservey et al., 1994], whilmamy other cases such as
for Ni 1.4Fec system [Veerdonk et al., 1997] as shown in Figh 16), Cq.xV« system and Go
«Pt. system [Kaiser et al., 2005] as shown in Fig 18)5and (b), and NiFe,« system [Nadgorny

et al., 2000] as shown in Fig 15.5(c), no diretatrenship between the two quantities has been

observed.
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These works indicate that the relationship betwgertransport spin polarization and the
magnetization is to be determined independentlyiiberent concrete material systems. In case
of MnBi, the experimental values of transport spolarization are found to be proportional to
the saturation magnetization as shown in Fig. 18)6 Theoretical calculations show that the
spin polarizations are proportional to magnetic rantrper cell, and it is further seen that the
spin polarizations calculated for diffusive trandpare closer to the experimental values than the

spin polarizations calculated for ballistic trangpas shown in Fig. 15.6 (b).
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Fig. 15.6. Correlation between spin polarizationd amagnetization of MnBi films (a)

experimental data, (b) theoretical calculationsdiffusive denoted in the graph by by and
ballistic Ry .

On the other hand, it is important to know the ekpental conditions to know which
regime of transport was occurring during the expernt. Using the measured value of
resistivity of 1548 cm for MnBi at 4 Kand the values of calculated density of statesHe
majority (1) and minority () carriers, N = 0.446 and N = 0.425 states/eV/cell respectively,
scattering time was calculated for both the carriers from Zimamfola,

o) = U3ENG )W) 7, (15.1)
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wherevg()) is the Fermi velocity and the conductivity) =1/p;(;) . The electron mean free path
Ly, =Veq; 7 was found to be ~20nm for majority and ~10nm fonanity carriers. The contact
size (d) of the superconducting tip was estimatechfWexler's formula,

Re4pL/3rd® + pl2d, (15.2)

where the contact resistancg Ras changed from to 10@2. For these values of;Rand for
majority carriers, the contact sizes were foundeo~15nm and 5nm respectively. It is found
that L>d for majority carriers and~d for minority carriers. This indicates that thartsport is in
ballistic regime for majority, and it is in interrd&te regime for minority carrier$hough our
experimental parameters show that the transpant b&llistic regime, theoretically the diffusive
calculations are in better agreements (diffusiyg=P51-66%,ballistic R, =28-36% ) with the
experimental values (= 51-63%). This is possible due to the fact thas Bensitive to the
interface and the termination of electrodes (thersubstantial difference in electronic DOS of
Mn and Bi at the Fermi energy). Bi states conth@ thagnitude oP (Pyy = 55% and Ry, =
76%, respectively) [Kharel et al., 2011].

15.7 Role of Spin Orbit Interaction in spin polarization

To see the effect of spin orbit (SO) coupling, baticture calculations were done for
NiAs structure of MnBi. Figure 15.7 (a) and (b)oshthe band structure calculations for
majority and minority channels without SO couplingnd (c) shows the band structure
calculations for both the channels with SO coupliGfpse inspection shows that there is no

significant effect in dispersion relations duerolusion of SO interaction.
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To further interpret our data, density of stategewealculated with and without SO
interaction. The comparison is shown in Fig.15t&hbws that there is no significant difference
in density of states at Fermi level due to SO cogpéven though there is a slight band shift in
the order of SO constant. The same DOS indicatethieae is no role of SO interaction in high

values of transport spin polarizations measured.
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15.8 Cause of high transport spin polarization in MBI

The density of states at the Fermi energy are yesgual (~0.45 stat&sll/eV) for
majority- and minority-spin carriers as shown ie tbp panel of Fig. 15.9. This results vanishing
spin polarization, as shown in the bottom panelid. 15.9, due to density of states as the spin
polarization is defined aBy = (N4—-N;) / (N;+N,;) , whereN; and N, are the majority- and

minority-spin DOS.
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Fig. 15.9. Top panel: total DOS for majority andnioniity carriers (shaded region)N¥>1(|)
(solid blue line), ®v2 > 1(|) (dashed red line); bottom pan®:near the Fermi energy f&N
(DOS) (solid gray line crossing zero at 0 eNv (solid blue line), andPN \2 (dashed red line)

in the direction of the axis. Inclusion of spin-orbit coupling (from fulkglativistic calculations)
does not practically affect the calculated DOS.

The origin of the larg®t measured in MnBi is due to the substantial spimesgtry of
the electronic bands near the Fermi energy as showig. 15.10. The Fermi velocities for the
majority and minority carriers are 1.2¥p@s and 0.6x1®n/s respectively. When the mobility
of electrons is taken into account, a laRJeis expected [Nadgorny et al., 2003; Mazin, 1999;
Velev et al., 2008]Thus the disparity in Fermi velocities is the caa$ehigh transport spin
polarization in MnBi. If the velocity is projectelong c axis, the spin polarization for ballistic

and diffusive transport af\, = 36% andPN\2 = 66% respectively where as they are reduced to
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Pnv = 28% andPny = 51% when the velocity direction is consideredppadicular to ab plane.
Hence, the strong anisotropy of the transport ptagseof MnBi can play a role for lower values

of spin polarization of polycrystalline MnBi sample
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Fig. 15.10. Dispersion of the majority and minotignds near Fermi level; Red squares,
majority band; blue spheres, minority band

15.9 Discussions and conclusions

Even though the experimental conditions are foundbe in ballistic regimeiéd), the
first principle calculations of spin polarizatioR\, = 51%-66%) of MnBi in diffusive regime
(A<d) agree to the experimental values (51% - 63%is & possible due to the fact that the spin
polarization can often be very sensitive to thesriisice, and to the termination of electrodes
[Tsymbal et al.,, 2007]. In MnBi it is expected te Istrongly dependent on the surface
termination because of the substantial differemcthe electronic DOS at the Fermi energy for
Bi and Mn [Kharel et al., 2011].

To sum up, the structural, magnetic and transpapgrties of MnBi films were studied.
Transport spin polarization of these films was mead by Point Contact Andreev Reflection

Spectroscopy, and the values were found consistémtthe results of band structure calculation
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and with observation of a large magnetoresistanddnBi contacts [Clifford et al., 2004]. The
first principle calculations show that the densifystates of majority and minority spin-bands at
Fermi level are almost identical showing vanishapgn polarization due to the contribution of
density of states. However, the disparity in Fewelocities is the main cause of high transport
spin polarization in MnBi. The transport spin patation of MnBi was found proportional to the

magnetization of MnBi.



222

CHAPTER 16

STUDY OF MAGNETISM AND SPIN POLARIZATION IN DEGENER ATE InN AND
Cr DOPED InN FILMS

16.1  Introduction

Room temperature ferromagnetism in semiconductass been an area of interest to
many researchers due to their potential spintrapfication [Zutic et. al., 2004). Several dilute
magnetic semiconductor (DMS) systems have beengbeeldtheoretically by doping transition
metal, for instance, Mn in GaAs, and ZnTe [Dietlakt 2000] ; and experimentally by doping
Mn on GaN [Sasaki et al., 2002], Co on ZnO [Coeglet2005], Co on Tig{Song et al., 2006]
etc. There are Oxide materials such as,TKom et al., 2009], IaO3;[Panguluri et.al. 2009], ZnO
thin films [Khalid et al., 2009], and semiconductoaterial such as GaN [Madhu et al., 2008]
which show magnetic states even without doping aftransition metals because of defects
present in them. In some cases the weak ferromagnét attributed to magnetic clusters [Coey
et al., 2006], impurity phases [Coey et al., 20I0]accidental contamination [Abraham et al.,
2005. In order to characterize such DMS materials fosgible spintronic applications, an
increasing interest in measuring their spin polian is seen because of its insensitivity to
impurity phases [Dixit et al., 2011].

Even though Oxides are the major focus for stuglytheir room temperature
ferromagnetism [Coey, 2006], materials based oV lhitrides have attracted much interest
since room temperature ferromagnetism was predicteitiese materials [Dietl et al., 2000].
Transition metals such as Mn doped InN films wkenend to exhibit spin glass phase at low
temperature, while Cr doped InN were reported tovehasshown room temperature
ferromagnetism [Chen et al., 2004] which was coméid by X-ray magnetic circular dichroism

[Ney et al.,, 2006]. Recent calculations have shaWwat indium vacancies and nitrogen
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interstitials in INN are magnetic [Duan et al., 2D0Presence of Oxygen in InN films increases
the carrier concentration, which leads to re-entraagnetic behavior in some cases [Petukhov,
et al., 2007] and might facilitate ferromagnetisia & Zener - like exchange interaction between
carries and localized spins [Zener et al., 1950&0b; Frohlich et al., 1940t the same time,
the high carrier concentration in InN leads to ¢argonductivities which allow direct
measurement of the spin polarization at low tentpeea. In order to investigate the connection
between spin polarization and room temperatureomeagnetism in degenerate nitride
semiconducting films, we have studied pure InN @udsubstituted InN films, both having a
significant oxygen content.
16.2 InN and Cr doped InN samples preparation

Indium Oxide targets were used in nitrogen richiemment to deposit InN thin films by
rf magnetron sputtering. On the other hand, 2 arfid 5 at % Cr substituted InN films were
deposited on c-axis oriented sapphire substrat@%t/- 5°C by the same technique usingdg
powder (99.99% pure, Alfa Aesar) with chromium clde (CrCk. 6H,O) in appropriate
amounts. The sputtering was done at 47%350 avoid nitrogen dissociation during the growth
process. The thicknesses of thesg@iN thin films were measured by cross-sectional scanning
electron microscopy, and cross checked by thefereice fringes in optical spectra. All thin
film samples were measured approximatelynlthick.
16.3  Structural properties of InN and In_xCrxN films

XRD patterns of undoped InN thin films which wengudered by using oxide target
show broad reflections at62= 28.96°, 30.66°, and 32.85°, consistent with aatropic
polycrystalline sample (Fig. 16.1a) [Dixit et a2008], and these patterns can be completely

indexed to the wurtzite structure with no eviderioe impurity phases [Dixit et al, 2011].
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However, bcc structured 40; secondary phase but no other impurity phase haga bbserved
in Raman spectra as shown in Fig. 16.2(a) [Dixalet2008]. These films show the expected E
(low), E; (high), and A (LO) modes near 90, 490, and 580 tmespectively, indicating a
preferredc-axis orientation for the InN crystallites. Furthan unassigned phonon mode (200
cm-) is present in the Raman spectra. This band cbelé disorder activated mode. These
Raman studies confirm the presence of a®4{rsecondary phase in InN samples [Dixit et al.,
2008]. Depth dependent XPS measurements show & logldized surface, with the oxygen
content in this InN film falling from close to 50&& the surface to approximately 25% at depths

of over 4 nm [Dixit et al., 2008].
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Fig.16.1. X-ray diffraction peaks for (a) the Iniff sputtered using oxide target [Dixit et al.,
2008], (b) the 5% Cr substituted InN filfi3ixit et al, 2011]. The sapphire peak is indichte
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Figure 16.1(b) shows the XRD pattern for 5 at% @ryssituted InN films. The pattern for
2 at% films is similar. Similar to the structure péire InN films, these peaks for 5 at% Cr
substituted InN films can also be indexed to thd Wurtzite structure (JCPDS 50-1239), and

are consistent with a polycrystalline sample withimpurity phases. However, similar to InN
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films, 5 at% Cr samples have oxide impurity phass@nt which are seen in Raman spectra of
these films (Fig. 16.2 (b)). These,@y peaks near 220 ¢hand 300 cif confirm that some
oxide impurity phase is present in these samplespite their apparent absence in the XRD

patterns [Dixit et al, 2011].
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Fig.16.2. Room temperature Raman spectra for (d)tthin film made from Oxide targethe *
corresponds to the peaks at 129 and 303'enpdes from 1505 (White et al., 1972), (b) the 5%
Cr substituted InN films, (c) CrO2 at 300K with 68Zm excitation [lliev et al., 1999], and (d)
XPS spectrum for the 5% Cr substituted InN filmheTsolid line is a fit indicating the presence
of only the 3+ valence state.
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Both XRD and Raman data did not show any evidehdermmagnetic impurity phases.
Had there been any ferromagnetic €i@purity, the Raman peak characteristics wouldehav
appeared at 149, 458, 570, and 682'ams shown in Fig 16.2 (c) for activation of diffete
Raman modes at 300K with 632.8 nm excitation [lieval., 1999]. But we do not see any of
such Raman peaks indicating the absence of fernoeti@gCrQ impurity. In order to more
carefully exclude the possibility of Cr-rich imptyiphases, we have shown the Cr XPS
spectrum for the 5 at% Cr doped InN film in Fig.26d). This can be fit assuming that Cr is
present only in the 3+ valence, consistent withsstitional doping and confirming the absence

of ferromagnetic Cr in 4+ valence state.

16.4 Optical spectra and resistivity of Cr dopednN films

Hall effect measurements and plasmon absorptionwshitat the n-type carrier
concentration due to the presence of oxygen defedisN films is found to be 3.8x#fcm?,
consistent with previous studies (Dixit et al., 9D0rhe carrier concentration for the 2 at% and 5
at% Cr substituted films were estimated to be 607ktm* and 7.2x1& cm? respectively.
Perkin-Elmer UV-Vis spectrometer was used to fipdical spectra for lieg Cro.02N, shown in
Fig. 16.3 (a), as a plot ofiE)? versus E. The spectra forks Cro.0sN sample were quantitatively
similar. A large absorption peak, possibly due lEsmon excitation, was observed at the energy
near 0.7 eV. At the higher energy, these curvediaear whose extrapolation gives the optical
bandgap energy of approximately 1.8 eV for both@am[Dixit et al., 2011].

Figure 16.3 (b) shows the resistivity as a functbmemperature for both 2% and 5% Cr
substituted films. Both the films show metallic bglor at higher temperature with the resistivity
of about 1 M@cm. They show a shallow minimum in resistanceoatel temperatures. The

shallow minimum for 2% Cr substituted film is atoaib 50K, while for 5% Cr substituted sample
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it is at about 150K. Such phenomena of minimumstiesiy have been observed in a number of
other defect-rich semiconducting films, includingi@a (O films, which shows a metal
semiconductor transition (MST): metallic condudiviabove 170 K and semiconducting

behavior at temperatures below it. This is expldiae the basis of weak localization effects: the

free electrons tend to localize at lower tempeestugiving rise to minima in the resistivity.

[Bhosle et al., 2006].
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Fig.16.3. (a) Optical absorbance for the 2% Cr stubdsd InN film. The extrapolation of the
optical band edge to zero energy is shown by tishethline. (b) resistivity plots for the 2% Cr

(circles) and 5% Cr (stars) substituted InN films.

16.5 Magnetization measurements in InN, and Cr sultisuted InN films

In-plane magnetizations of InN and Cr substitut2% @nd 5% Cr) InN samples at room
temperature were measured using SQUID magnetom&mmagnetic background was
estimated from the high field response and it wdstracted to get the corrected magnetization
curves shown in Fig. 16.4 (a). The saturation mégguéon for InN sample was 0.05 emu Em
for Ing.edCrooN it was 0.15 emu ctf) and for I.esCro 0N sample it was 0.3 emu énAll three
films show evidence of room temperature ferromagmetwith monotonically increasing

saturation magnetization with Cr content. Presesicéderromagnetic signal in undoped InN

samples eliminates the possibility of magnetism dakely to Cr-rich impurity phases, and
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systematic dependence of saturation magnetizatio@rocontent diminishes the possibility of
introducing magnetic impurity during sample hanglirAs discussed earlier, these samples
contain some KO3 secondary phase. However, the magnetic signalotashevelop solely in
these impurity phases because the specific magtietizmeasured for the 5 at% Cr substituted
InN film, 0.3 emu crt, is almost as large as that measured for purewa@nnealed k©s, 0.5
emu cn? [Panguluri et. al., 2009]. Out-of-plane saturation magneiizatfor the 5 at% Cr
substituted sample was found slightly larger thaplane magnetization, as shown in Fig. 16.4

(b), indicating that these films have some modegtotropy.
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Fig. 16.4. (a) Magnetization curves for undoped,|88 Cr and 5% Cr substituted InN films at
room temperature. (b) In-plane and out-of-plane metigation curves for 5 at% Cr substituted
film at room temperature.

Field cooled (FC) and zero field cooled (ZFC) mamation curves (Fig. 16.5) were
measured for 5% Cr substituted InN film to checkettier nanoscale ferromagnetic impurity
phases that were not detected by XRD or by RamaustEscopy are responsible for room
temperature ferromagnetic signals. The curves waken at H = 500 Oe, and estimated

background was subtracted for corrections. Ther®issignificant separation between the ZFC
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and FC curves, which argues against the preseragefparamagnetic impurity phases [Dixit et
al., 2011].These magnetization curves can be fit by the exj@eaM(T)=My+C/T+Ms(1-BT%?),
with My a temperature independent background contributtothe Curie constant, arfil the
spin wave stiffness. The best fit yielded a backgob magnetization of y0.07 emu cr,
Curie constant C=1.3 emu K €inand spin wave stiffneg$=0.00006. This fit to a paramagnetic
plus ferromagnetic term is shown by the dashed ljnayin Fig. 16.5, and yields an extrapolated

ferromagnetic transition temperature of approxinyad®0 K [Dixit et al., 2011].
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Fig. 16.5. Zero-Field Cooled (open) and Field-Cdalelosed) magnetization curves for the 5%
Cr substituted InN film. The dashed line showsfth® a paramagnetic plus ferromagnetic spin
wave contribution, as discussed in the text.
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16.6  Spin polarization

Spin polarization of conduction electrons in InhdeCr doped InN films were extracted
by fitting using modified BTK model [Mazin et aR001] the conductance curves obtained by
point-contact Andreev reflection (PCAR) techniqugoylen et al., 1998). Nb was used as
superconducting tip to obtain conductance curves5S{. The examples of conductance curves

with mBTK fits for all of these samples are showrfig. 16.6.
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Fig. 16.6. The normalized conductance curves miedsat 1.5 K using Nb superconducting tip
for InN, 1ny.9eCro.0AN, and In.osCro0gN samples. The solid lines show the best fits logifired
BTK model at 1.5K with Nb superconducting gapiof 1.5 meV.

The intrinsic values of spin polarization for af these samples were found by
extrapolating the Zdependence of P, often encountered in PCAR measmts [Woods et al.,
2004], to the case of transparent interface (ZF¥0p intrinsic values of spin polarization were

found to be ranging from ~ 46+2% for INN to ~50%z=286 Iny 9=Crp o\ films. Such finite
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values of spin polarization suggest that the degeednN and Cr doped InN films may be
suitable for spintronic device applications. Excegggen vacancies in these samples are the
source of high carrier concentration which is tlaise of magnetism in these samples as
suggested that the ferromagnetism in certain ogaiconductors such as;@y may be carrier
mediated [Panguluri et al., 2009].

Magnetization of undoped InN films was measure@ra$toring them under ambient
conditions for approximately one year. Interesyngthe magnetization was found to be
increased by a factor of about 27 to about 1.36/et({frig. 16.7) which may reflect the effect of
a larger Oxygen content on the magnetic orderinge Tn-plane magnetizations in both
directions were found same which indicated no magm@aisotropy in X-and Y-directions of the

plane of the film.
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Fig 16.7 Increased magnetization of InN after sigpin ambient conditions for about one year
Our studies find that incorporating Cr producesyaalrelatively modest increase in the
magnetic moment, with an almost negligible chamgthe spin polarization, in agreement with
the recent results indicating that the magnetic emnn Cr-doped InN is coupled to the carrier

concentration, rather than Cr concentration [Kinsegl., 2006].
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16.7 Conclusions

Different properties such as structural, electyicaagnetic and spin polarization of
degenerate InN and 2 at% and 5 at% Cr substitutBidfilms have been investigated. These
samples contain considerable amount of oxygen whalses over & cm? of high n-type
carrier concentrations due to which the sampleswsikonducting behavior down to low
temperatures. Cr undoped InN and Cr doped InN thlims show room temperature
magnetization, with the size of moment increasiognf0.05 emu ci for InN to 0.30 emu cif
for 5 at% Cr doped InN samples with monotonic iasee of the moment with Cr fraction. Even
though the samples contain@ impurity phase, the systematic dependence of thent on
Cr fraction excludes the possibility of other ferragnetic impurity phases. Spin polarization
was measured by PCAR technique. It was measureat &6d6 for undoped InN sample and
about 50% for IpgCroodN films. Room temperature ferromagnetic behaviow &inite low
temperature spin polarization of these materiatgyest that they may be pertinent to a number

of different spintronic applications, including iefént spin injection into silicon.
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CHAPTER 17
CONCLUSION AND FUTURE PROSPECT
17.1 Summary and conclusions

The first part of this dissertation (chapters 1wigs focused on development okMNGj
free-standing micromirrors with metallic coatingdatheir torsion study by passing electric
current. The torsion angles in case of Au, Ni, grdeposited micro structures were measured as
a function of dc current passed, and their depetelemas found to be quadratic. Due to
negligible effects of electrostriction and Maxwslfess compression, the only effect responsible
for such quadratic dependence is the Joule heatimgh increases the temperature of the
metallic layer so that the thermal expansion of thiyer constrained by $8l, layer causes non
equilibrium strain which deforms the bimorph haviegidual stress, resulting in angular rotation
[Thapa et al., 2011]. Large reproducible torsiogles with low electrical power in such electro-
thermal actuation may be useful for MEMS applicasioThe optical detection system we have
developed has high sensitivity which may be usechéasure even smaller torques, such as the
torque produced in heterostructures of magnetic mmumagnetic materials, as proposed by

Fulde and Kettemann [Fulde et al., 1998] and Yu §Y.wal., 2007].

The second part of this dissertation (chap 6 odg)awas focused on spintronics,
especially the development of spintronic materalsl their structural, transport and magnetic
properties focusing mostly on spin transport meas@nts by using point contact Andreev
Reflection spectroscopy. A brief review of how ttlevelopment of spintronics evolved was
made in chapter 6. With this evolution, differemgirgronic devices such as GMR, TMR,
MRAM, STT-RAM, SFET were developed. Their fundananaspects and the impact in

technology were briefly explained. Spin injectionrh ferromagnetic materials to non-magnetic
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or semiconductors is efficient if nonequilibriumirsp can be created at the Fermi level of such
magnetic materials. Importance of knowing the degoé spin polarization is important to

develop and identify such materials for their effit and effective use in spintronics.

With this introduction, the discussion moved orrdgiew the development of different
techniques used for measuring spin polarizatiom wibre emphasis on point contact Andreev
reflection (PCAR) spectroscopy in chapter 7. Spialapzation can be measured by
Photoemission Spectroscopy [Johnson, 1997], Spiariped tunneling (SPT) spectroscopy
[Tedrow et al., 1971; Tedrow et al.,, 1973; Mesgre¢ al., 1994], Positron Spectroscopy |
Hanssen et al., 1990], and point contact Andredfection spectroscopy [Soulen et al., 1998].
While the values of spin polarizations measuredewported slightly different because of
different sensitivity of these techniques, the ealean be different depending on the regime of
transport: ballistic or diffusive or intermediateoint contact Andreev reflection spectroscopy
was used throughout the study of spin polarizatiathis dissertation. Andreev reflection theory,
BTK theory and modified BTK theory were briefly sararized in this chapter to introduce
different parameters used for fitting the conductandata of the interface between

superconductor and the sample in point contactrexpets.

Moving on to chapter 8, it was attempted to shoeotbtically generated conductance
curves for different cases of varying interfaciatrter strength (Z) at different temperatures for P
= 0, and at different spin polarization (P) valaeZ = 0. Also, such ideal curves were generated
for changing Z and P both to show the possibiliGésarious shapes of conductance curves that
are encountered in different systems while doingeexnents. Conductance curves are generated
for different temperature T to show how the shapeanductance curves change especially

around the bias voltage equal to the supercondyugip of the tip being used. In this particular
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case when P = 0 has been considered, some tenrpeeddration during fitting can help to
achieve better fitting curve, but still retaininget same extracted value of P and almost
unchanged value of Z. Uniqueness of fitting hasmlbeeecked by fitting a nice experimental data
with all possible changes of input fitting paramstesuch as temperature (T), spreading
resistance (B, the number of data points. The test was donk wliange of such parameters
separately or in different combinations. For thasmnably acceptable fit, the extracted values of
P and Z were noted. It is found that P is dependarnZ quadratically which is similar to their
correlation for different conductance curves tatk@ndifferent contacts between the sample and
the superconductor. It shows that the P is not oaolyelated with the scattering at the interface,
but also it involves Z dependence that arises wiitiling the data. Interestingly, the intrinsic
value of P corresponding to Z = 0 for both casesfaund close enough within the error bar.
This indicated that even though the fittings camegsome spread in P and Z values, their

guadratic dependence gives unique intrinsic vafu within its error bar.

Sample preparation techniques and experimentainigge of Andreev reflection
spectroscopy are discussed in chapter 9. The tinmsamples, viz. PdNi, Pt, MnBi, InN etc
were prepared by either magnetron sputtering oearb evaporation. MnSi, Co doped
BaFeAs,, and Ni samples with and without strain were snglystals. Magnetic properties of
these samples were studied by using SQUID, trahgpoperties were studied by using PPMS,
and transport spin polarizations at low temperaturere studied by lock-in technique.
Superconducting tips of Nb were prepared by eleb&mical etching. Various characterizing

techniques such as XRD, EDX, AFM etc. were appiegdsome samples.

As a reliability and reproducibility test of th@ipt contact technique, experiments were

done on non-magnetic sample Cu, and highly spiarfzald and known sample ¢85 3MnOs
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(LSMO). Varieties of conductance curves reportedliffgerent authors for Cu are reviewed, and
the conductance curves obtained from our pointamirtechnique are reported in chapter 10. As
expected, the spin polarization for Cu samples fwaad to be 0. On the other hand the spin
polarization of LSMO sample was measured, and»tsaeted value was found to be 58.4%
which agrees with the reported value of P = 58%tierLSMO single crystal [Nadgorny, 2007].

These tests indicate that the point contact setupliable and the spin polarization values are

reproducible.

After PCAR set up was found to be reliable, it waasonable to move on exploring
different new samples whose spin polarizations hmtébeen reported so far. Manganesesilicide
was chosen as one of the very interesting systerns studied. Because of its different magnetic
phases from helical to conical to induced- ferronedig below its critical temperature (29.5£0.5)
°C, it is very interesting to know how the spin pation of this sample changes in these
phases. Magnetization measurements show that theeed ferromagnetic phase is obtained at
6.5KG at 5K. Resistivity measurements show thatrwesport at low temperature below critical
temperature is governed by spin fluctuatio €pendence), and the phase transition occurs at
around 30K, the critical temperature. PCAR techaiqwas applied by driving the
superconducting tip manually, and also by drivingy squiggle piezoelectric motor. The spin
polarization at 2K was measured to be 44+4% bygusquiggle piezoelectric motor, and at 1.2K
it was measured to be 47.8% when the tip was dmaanually. The magnetic field dependent
conductance curves were obtained at different ntagmdases, and their fittings gave the
dependence of spin polarization with the magneélf It is found that the spin polarization
increases with magnetic field, and it reaches éosthituration value at around 6.5KG as expected

for the ferromagnetic phase, with the saturatidneaf P about 52%.
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In another approach, e-beam lithography was dan®MMA coating on the polished
surface of MnSi single crystal to open two holesheaf 1 pm square at 10um far, and Nb was
deposited on the top of this surface so that Nidamirio MnSi was achieved only through these
holes on PMMA. The deposited Nb film was supercatidg with superconducting transition
temperature of 5.5K. Conductance curves acrossitedace between Nb and MnSi were taken
at 2K with application of different magnetic field®r both parallel and perpendicular
configurations of the sample. Interestingly, th@dwactance curves obtained were different than
conventional conductance curves. The normalized beas amplitude was more than 2, the
maximum amplitude generally expected and encouthténe Andreev reflection. Also the
amplitudes were found suppressed at higher magingtis, disappearing completely at 38KG in
the case when the plane of the sample was patallie applied field. In these conductance
curves, another interesting feature was the os$iomlaof conductance curves outside the
superconducting gap edge. These oscillations desapd when the applied magnetic field
exceeded 6.5KG, the field required to induce MrSferromagnetic phase. This observation
indicates that these oscillations arise due tachkeBpin fluctuation initially at no field and low
field. Their fluctuations decrease with the inciegsmagnetic field, and disappear when the
spins are aligned as MnSi is induced to ferromagrm@tase. In the same configuration of the
sample, the amplitude of zero bias normalized cotahce at no field decreases with
temperature, and disappears at 5.5K, the same tatape as the superconducting transition
temperature of Nb film being used. The conductarsm#lations disappear at 4K. The systematic
reduction of zero bias amplitude with temperatusdoWw T. of Nb, and supression of
conductance oscillations at temperature J#ilicate that the spins in MnSi are taking part in

the conductance features.
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In case of perpendicular configuration, the condncé curves were similar with the zero
bias amplitude reducing with magnetic field, andlagsing at around 30KG at 2K. The
conductance oscillations disappeared at around 4K&K. The temperature dependence
conductance curves in this configuration also hsivd@lar features as in parallel configuration.
The conduction oscillations disappear at 4K, arelzéro bias amplitude disappears at 5.5K in
this case also. These interesting features of adadae curves are yet to be understood in detail

with the help of modeling some suitable theory.

Another interesting system studied was; iy alloy in which the magnetic
susceptibility of nearly ferromagnetic Pd is inced by Ni impurities. Split in spin bands causes
spins to polarize, and exploring the dependencspiof polarization on corresponding saturation
magnetization and Curie temperature was one oéithe to work on this material. Six different
thin film samples of PdNi with Ni concentrations up 12% were sputtered. Their spin
polarization, saturation magnetization and Curiapgerature were measured. It was found that
the Curie temperatures of all the samples werequtigmal to their saturation magnetization.
The spin polarizations for different samples wereasured from 33% to 49% with its highest
value corresponding to the sample of highest Niceatration of 12% among the samples that
were studied. For bulk pure Pd the spin polamratvas measured to be zero. In case of the
spin polarization, it was found proportional to teaturation magnetization; and the Curie
temperature as well. However, this proportionahdrevas found in the samples if they were
sputtered in the same batch. For the samples &drelift batch, the proportionality of spin
polarization showed different slopes. This coulddoe to the fact that the spin polarization is

sometimes surface and termination dependent. Tbpogionality of Curie temperature on
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saturation magnetization was valid for all sampeen from different batches. The study of

PdNi system has been discussed in Chapter 120fltssertation.

In most of the cases, superconducting tip is usegrbbe the spin polarization of a
sample in the form of thin film or a single crystBut an iron pnictide superconducting sample
BaFeAs, with Co doping was chosen as another interesiiatem. Chapter 13 discusses briefly
about the historical development of supercondugtiand how the development advanced to the
iron pnictide superconductors. With some reviewitefmagnetism and superconductivity, the
experimental results about the field dependent t@ngperature dependent conductance were
presented. Since the sample Bad€0y1AS; is suprconducting with superconducting transition
temperature F18K, and with superconducting gap @=2.73mV, the tip for PCAR
measurements was chosen to be of Au. The tips mvade of 250um thick Au wire by cutting at
an angle and pulling it at the same time so thatury tip becomes sharp. The conductance
curves show that a pseudogap appears at aroundv1@f tias, and this can be suppressed by
applying magnetic field of 14KG whereas the maipesaonducting gap is still present even at
7T. Lower magnetic field was needed at higher teatpee to suppress the pseudogap. Hence,
evidence of pseudogap below superconducting tiansiemperature, and its suppression with

magnetic field, was found by Point Contact Andr&=flection (PCAR) technique.

In order to study the low magnetic system, Pt wlassen in the other study which is
presented in detail in Chapter 14. Though Pt ismagnetic in bulk form, its nano-particles and
nano-rods have been reported to be magnetic [Sasalal., 1998] experimentally and
ferromagnetism in Pt nano wires has been predittearetically [Delin et al., 2004]. Pt clusters
are also reported to have magnetic moments [Kurnat.,e2008]. Mono layer of Pt on certain

substrate such as Au(001) [Blugel., 1992] and M@QO1] [Yang et al., 2010] was predicted.
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However, the magnetism in its thin film was notadpd by any one. So, several Pt thin films of
thicknesses 10, 12.7, 21.2, 25.55, 30, 33.3, 05,8, 74, and 100nm were deposited for the
study. 10nm and 30 nm thick films were prepare@ieam deposition and the rest of the films
were deposited by magnetron sputtering. The mazat&in measurements of these samples by
SQUID showed that all of the Pt thin films are meijm The magnetism in Pt thin films was
supported by neutron scattering measurements als®.magnetization per unit area of the
surface of these samples was almost constant niemvétat the thickness of the samples was.
This indicated that the magnetism in Pt thin filmsot related to volume magnetism, but it is
simply the surface magnetism. The Pt thin film aocels were images under AFM, and were
found that the surfaces have roughnéssn attempt to find the correlation of surfacaginess
and the surface magnetization, it was noticed thatpresence of roughness is the source of
magnetism as predicted theoretically, but it sedrasthe degree of roughness has nothing to do
with the degree of surface magnetism.

Beside measurement of magnetism directly, the ppiarization of these Pt thin film
samples were measured by PCAR technique. The sidrivalues of spin polarization were
measured between 40% and 53% for these sampleselimn of spin polarization with the
thickness of the sample is hard to find. The smlagzation seems linearly dependent on the

saturation magnetization of these films.

The P values do not have strong correlation wiffedint parameters such as thickness,
roughness, saturation magnetization (emd)ceurface magnetization (emu/Qnand coercivity.
It seems that the sample preparation conditionstapdgraphy of sample surfaces play some
role for different values of spin polarization. Morimportantly, the Pt thin films are

ferromagnetic. Measured values of transport spiargation also confirm that the Pt surfaces
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are ferromagnetic which may be due to Pt clustedsaaomic chains on the rough surfaces of Pt

thin films.

It is quite natural to look for a material that Haigh spin polarization. In this regard,
MnBi thin films were studied because MnBi in zinledde structure is half metallic [Xu. et al.,
2002; Zheng et al., 2004; Kahal et al., 2010] thoitgis not stable phase, however, in NiAs
structure MnBi is stable with high Curie temperat(828K). So, exploring its magnetism and
spin polarization would be important in this systedagnetization measurements show that
MnBi films have perpendicular easy axis of magraion along c-axis so that it can be used in
spin injection. Transport spin polarization of Mntain films gave the highest P value of about
64%. Such a high value of P was found, theoreticdath be due to the disparity in Fermi
velocities of majority and minority carriers at tRermi level. The spin polarizations in different
samples were found to be proportional to the stturamagnetization experimentally, which
was supported by the theoretical calculations dlsge to high transport spin polarization and
other suitable magnetic properties, MnBi is foundbe a potential candidate in spintronic

applications. Detailed description of the studyvfBi is given in Chapter 15.

Other materials needed for spintronic applicatiars dilute magnetic semiconductors.
Room temperature ferromagnetism has been reponteslch materials without or with 3d
transition metal doping as reviewed briefly in Ctesd 6. Degenerate InN, and 2 at % and 5 at %
Cr doped InN thin films were studied. They were nfduto show room temperature
magnetization, with the size of moment increasiognf0.05 emu ci for InN to 0.30 emu cif

for 5 at% Cr doped InN.
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Such films showing high carrier concentration #&ma resistivity were studied applying
point contact Andreev reflection spectroscopy tobgr their spin polarization. The intrinsic
values of spin polarization were found to be ragdiom ~ 46+2% for InN to ~50%+2% for
Ing.9sCro.08N films. Such finite values of spin polarizationggrest that the degenerate InN and Cr
doped InN films may be suitable for spintronic aeviapplications. Presence of Oxygen and
hence high carrier concentration in these sampglesiggested to be the cause of magnetism in
these samples. It is observed that the Cr dopingesarelatively modest increase in magnetic
moment and spin polarization. Room temperatureofeagnetic behavior, and finite low
temperature spin polarization of these materiafgyest that they may be pertinent to a number
of different spintronic applications, including iefént spin injection into silicon.

Hence, weak ferromagnetisms of different matemase studied with the help of point
contact Andreev reflection spectroscopy. These madgeare potentially useful in spintronic
applications.

17.2 Ongoing experiments

To answer the question of how the spin polarizatba single crystal changes if shear

stress is applied to the crystal, Ni single crystaithout stress and with shear stress of 11% and

25% were studied. The strain-stress relation afghsengle crystals is shown in Fig. 17.1.
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Fig.17.1. Stress-stnaglation of Ni single crystals
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The conductance curves after BTK fit for these tigsare shown in Fig. 17.2. The
intrinsic values of spin polarizations for Ni wittiress of 0%, 11% and 25% are found to be

43.6%, 38.7% and 35.7%. This trend clearly shoves the spin polarization is reduced in the

sample with larger strain.
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Out of the samples done so far, the relation af pplarization to the shear strain of these
samples is shown in Fig.17.3 (a). It seems thasgine polarization is lower for the samples with
higher dislocation density caused by larger straéhis is indicated by the plot in Fig. 17.3 (b).
The resistance of 25% strained sample is higher tha resistance of 11% strained sample as
shown in Fig. 17.3(c). It is seen that more regesssample has lower value of spin polarization.

However, for making final conclusions, more samp¥és different strains are to be studied.
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Fig. 17.3. Spin polarization as a function ofghgar strain, (b) dislocation density, and (c)
temperature dependence of resistance of strainsthjle crystals

17.3. Future perspective

One of the purposes of studying spin polarizatidnddferent low ferromagnetic
materials is to find a material that is half-metalith high spin polarization, high stability, tig
Curie temperature, and with other suitable propsrsio that it can find spintronic applications.
The other importance is in understanding the furetaal aspects such as dependence of spin
polarization in magnetization or in Curie temperatar in strain or in some other properties of
such materials so that these properties can bel tianeontrol or increase the spin polarization of
such materials for useful technological applicagionThis study can be extended to different
alloys of ferromagnetic materials, e.g. CoPt wittiedent Co concentration, or other Co based

Heusler compounds, or different dilute magneticisenductors.
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In the line of the development of bimorph thermeetlic actuators, further studies can
be done in understanding the mechanism more qatweity, and in finding the appropriate

applications of the developed microstructures inNMl&technology.



246
APPENDIX A (1)
A.l. Moment of inertia (J) calculations for the microstructure, and the resonance

frequency

Let us consider the structure as shown in Fig. Alle dimensions are shown in the

figure. We can calculate the moment of inertia bing the general expression for inertia tensor.

]

A
v

y

Fig. A.1. Micro electro mechanical mirror struaur

J = _fdm (r2o; —rr;)
= [(r*g, -nr)) pg dx dy dz

J,, = P [(xX* +2%) dx dy dz

377 %2
S 1A% 4+ 2 % 1%
oo\ |, I 3] Wb

b*L,h h®bL,
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Ly pSI 12 pS| 12
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L =p L3Bh+p h’LB
mirror Si 12 Si 12

The expression for the angle of rotation is givgn b

hPI,
%@)= 2k,G. hb 1 1 “ 1 kJ
TS T —w? (— p.BhLE + = p.bh®L. + — p.bh’L 2+ o
\/[ |_ (1210$| 24p8| F 24IOS| NM)] Q2

The resonant frequenay, is found by setting the term inside the squarekwtin the

denominator equal to zero. This gives,

2K,G4h’b
_ K _ L
W, =,|—=
» L3Bh+p h3LB+p b3L1h+p hbL,
Si 12 Si 12 Si 6 Si 6

Where,

K;=0.23 = geometry factor for the ratio of h and b;

Gsi= silicon’s shear modulus = 65 Gpa,;

h = thickness of the structure = QuB;

b = width of the torsion bar; L = length of the noir; B = width of the mirror;

psi = density of Si mirror = 2330 Kg/in

L; = L, = length of the beam supporting the mirror;

P = Spin polarization of the material = 0.5 (Assdine

Q = Quality value of the systemy;d Amplitude of current through wire = 1 mA,;

K = equivalent stiffness of the beam.
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APPENDIX A (1)

MASK DESIGN

A.2. Design of Layer 1 mask (Bottom layer)

This layer of mask as shown in Fig. A.2. is toofiege window by etching into Si wafer.

Fig. A.Design of Layer 1 of mask



249

A3 Design of Layer 2 of mask

Fig. A.3. Design of Layer 2 of mask
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A4 Design of layer 3 of mask

Fig. A.4. Design of Layer 3 of mask
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A.5 Single die of each layer shown separately forane clarity

Fig. A.5a . Layer 1 of mask (single die)
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Fig. A.5b. Layer 2 of mask (single die)



e
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Fig. A.5c. Layer 3 of mask (single die)
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A.6. Complete design of mask including alignment arks

Fig. A.6. Final mask showing all layers overlapgEd): Top view of the design of micromirrors:
the design shows four dies with box alignment miarks
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APPENDIX A (Ill)

A.7 Fabrication Steps of Silicon Nitride freestading mirror-beam structures with Au

deposition

Photolithography was used to fabricate the freest@nstructures. Several steps involved

in the fabrication process are summarized below.

Step 1: Low Stress silicon nitride LPCVD (200MB@a)front and back of wafer

SiN
Si

SiN

Fig. A.7. Schematics to show Siiels on front and back of Si wafer

Step 2: E-beam evaporation (CHA)

Front side

Au
SiN

Si

SiN

Fig. A.8. Schematics to show Au lagerSiN layers on front of Si wafer
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Step 3: Contact Photolithography on back usiheglayer 1 mask

7

Such patterns are
made on back

mi

| | Trench

Fig A.9. Formation of pattern on SiN on the baclSofvafer by contact photolithography

Step 4: Silicon Nitride Lam 590 Etch

From back, etch the patterns[] and trench cros{

Etch

I:II:II:IEI:I

Fig. A.10. Patterns developed on SiN on the bdtek atching Silicon Nitride on the back
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Step 5: Photoresist Stripping (Stripping left opbotoresist in other areas than the pattern and
trench)

IZI\Q‘IZIIZIIZI

Strip /|

photoresist

Fig. A.11. Stripping of photoresist on the top af ik the areas except patterns and trench on the
front of wafer

Step 6: KOH Silicon Etch Il (from back)

The design considers etching at 54.7 degree avitiiel 00 plane.

um

Etch

B & =

-
N

Fig. A.12. Etching of Si wafer from the back to aghe square windows and dig trenches
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Step 7: Contact Photolithography on front on Audaee usingnask Layer 2

Such patterns are developed

SiN Layer /

under Au

Fig.A.13. Pattern development on Au surface orfritvet by contact photolithography
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Step 8: Gold Wet Etch (On Front)

The pattern/ drawing of Layer 2 mask shduknain”.

(Note: Gold patterns in this layer correspond totaot pads, wirings, and gold deposition on the
surface of freestanding silicon nitride mirror-bestructures).

Etch Au in other areas
except pattern

Gold pattern should remain

iy &

SiN Layer /

under Au

Fig. A.14. Etching Au excapthe patterns on the front
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Step 9: Silicon Nitride Etch on Front

(Note: Patterns of Layer 2 mask, same mask usstém7, should remain so that we have
freestanding silicon nitride mirror-beam structunagh Au deposition on their front surface)

SiN Layer under . o
Etch Silicon Nitride in

Au should
. ther areas except
remain
Gold pattern should remain pattern, same as Au
nattern
SA /

Fig. A.15. EtobiSiN on the front except under Au patterns

Step 10: Photoresist Stripping: Photoresist reimg on the top of Au pattern is stripped out.

silicon nitride Layer under Au
should remain

Photoresist %T/

stripped out
on top of 'LE[

gold pattern

Fig. A.16. Stripping of photoresist on top of Auteans on the front
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It is well accepted that spin polarization of metls has a major role in spintronics to
improve the efficiency of spintronic devices. Poiobntact Andreev reflection (PCAR)
spectroscopy, one of the popular and reliable teci®s, was used to study the spin polarization
of various materials, generally with low ferromatism®, in order to understand the transport
properties of spin polarized current and find tletation of spin polarization with other
parameters such as saturation magnetization oCtinee temperature so that better spintronic

materials can be identified and developed.

With brief review of the work in spintronics, Arelv reflection theory and spectroscopy,
and data analyzing by modified BTK model, we haelied various weak ferromagnetic single

cryatals such as MnSi and Co doped BaSg and various thin film materials such as By,



282

MnBi, Pt, InN etc. By applying PCAR we have invgstied how the spin polarization of
itinerant ferromagnet Manganese monosilicide chamgat undergoes magnetic phase transition
from helical to conical to induced ferromagneticentexternal magnetic field is applied. When
Nb contacts on MnSi were set up by e-beam lithdoyyagnd sputtering on PMMA coated on
polished MnSi surface, conductance curves with gogd more than 2 and with conductance
oscillations for the bias more than superconducgiag were obtained. The suppression of these
oscillations at around 6.5KG indicated quite amiesting observation of the presence of triplet

superconductivity in Nb/MnSi interface.

Because of magnetocrystalline anisotropy PdNi evessen as another interesting system
to study. The spin polarization, magnetization #mel Curie temperature of RdNix samples
with different concentration of Ni were studied.el@Gurie temperature was found proportional to
the saturation magnetization. But in case of spianzation, the values were found proportional
to the saturation magnetization if the samples veprdtered in the same batch otherwise there

was some spread in spin polarization possibly dutstsurface sensitivity.

PCAR spectroscopy of superconducting sample: (uediaron pnictide (BaRAs,) was
performed. The conductance curves showed the pres#npseudogap at around 12 meV, and

these could be suppressed by applying magnetisfifl ~14 KG perpendicular to the ab-plane.

The existence of magnetism in isolated Pt clusgeksown, however, whether the Pt thin
films are magnetic or not was unknown. For findthgs, Pt thin films of various thicknesses
were studied. PCAR spectroscopy revealed thathail ilms of Pt show spin polarization,
indicating that the films are magnetic. SQUID meaments also gave finite value of saturation

magnetization of such films, and neutron scattermgasurements confirmed the existence of
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ferromagnetism in Pt thin films. First principlelaaations show that the magnetism could arise
due to surface roughness of the film. The chargester from the sharp pyramid vertex to the
inner Pt sites of 3D islands, which can be viewsdsapported clusters, makes the density of
states at the Fermi level higher due to the namgvaf the d-state peak. This satisfies Stoner
criteria and hence exhibiting local moments. Theéame magnetization (emu/&nis more or

less constant and it is independent of the thickiéshe films.

Spin injection into semiconductors needs a ferigmeda with high Curie temperature,
high conductivity and high spin polarization. ThaugInBi in unstable zinc blende structure is
predicted to be half metallic, MnBi thin films iniAs structure were studied due to their stable
phase. The study showed that MnBi thin films haegppndicular magnetic anisotropy with
easier magnetization along c-axis, and PCAR stadgaled that these films have high transport
spin polarization consistent with band structuriewdation and their high magnetoresistance.
The high spin polarization was not because of dgrafi states at Fermi level due to almost
identical values in spin bands but it was accourtted to the disparity in Fermi velocities in
these bands. The transport spin polarization of Mo&relates proportionally with their
saturation magnetization. MnBi seems to be a pueterdandidate for spin injection to

semiconductors.

Room temperature ferromagnetism in semiconducd®ranother property useful for
spintronic devices. Magnetism and spin polarizatioin dilute magnetic semiconductors:
degenerate InN, and Cr doped InN were studied. pad@nd Cr doped InN thin films showed
room temperature magnetization with monotonic iaseeof the moment with Cr fraction. Finite

low temperature transport spin polarization wassuead in these samples. These materials have
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potential application in spintronics due to theiom temperature ferromagnetism and finite low

temperature spin polarization.

Motivated with the spin torque initially in hybritructure of magnetic and non magnetic
structure, free standing microstructures were €abeid and coated with magnetic and non
magnetic materials Au, or Ag or Ni separately. Wtphssing dc current through the structure, a
torque was produced even in non magnetic singleemaht The torque produced was found
proportional to the square of the dc current. Txigaesion of metallic layer due to Joule heating,
and residual strain on $Bl; free standing microstructure together cause tmguéo Such

developed bimorph electro-thermal actuators may dipplication in MEMS technology.
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