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Abstract

The spin gapless semiconductors (SGSs) are an intriguing class of novel quantum materials that

bridge the gap between semiconductors and ferromagnets due to their peculiar band structure with
zero band gap for one spin channel and semiconducting band gap for another spin channel. The
presence of SGS characteristics in Heusler alloys, especially in Co-based Heusler alloys is even
more promising because of their high Curie temperature (7¢) and tuneable electronic and magnetic
structure; hence they can act as a suitable replacement for diluted magnetic semiconductors
(DMSs). Nowadays, Co-based equiatomic quaternary Heusler alloys (EQHAs) with 1:1:1:1
stoichiometry are in huge focus as they possesses higher spin diffusion length compared to that of

pseudo ternary alloys. Some of these compounds have reportedly shown SGS like characteristics.

In this thesis work, we have grown and studied two Co-based EQHAs thin films: CoFeMnSi
(CFMS) and CoFeCrGa (CFCG). The study involves structural, magnetic and transport properties.
Other than these two alloys, an insulating oxide MgAlOs (MAO) was also grown for
perpendicular magnetic anisotropy (PMA) related study in MAO/CFMS/MAO heterostructures
and were characterize for structural, magnetic, morphological, and spectroscopy-based studies.

The W and Ti materials were used as a protective capping layer in these heterostructures.

First, the highly ordered phase of CFMS thin film (~60nm) was optimized over Si (100) substrate
and different structural, compositional, magnetic and transport measurements were performed so
as to assess the SGS characteristic of the film. The ordered phase of CFMS film with negative
temperature coefficient of resistivity and nearly temperature independent carrier concentration and

mobility found to obey the SGS criteria.

After the phase optimization and successful verification of SGS behaviour, very next we have
grown ~50nm thin CFMS sample and studied for anomalous Hall effect (AHE) and weak
localization (WL) phenomenon. The fitted of the longitudinal conductivity data through two-
carrier model suggested the presence of disorder film sample. The scaling of anomalous Hall
resistivity/conductivity through different models justified that the AHE in CFMS is majorly
governed by an intrinsic scattering mechanism due to the momentum space Berry curvature. The
experimental value of intrinsic anomalous Hall conductivity (c%) was achieved to be around

37.75 S/cm, which is found to be considerably larger than the theoretically predicted value for



perfectly ordered CFMS structure and is possibly caused by elemental disorder present in CFMS
film sample. The WL behaviour was justified by the presence of sharp negative cusps in
magnetoresistance (MR) curves in low magnetic field regime up to 1T. Further justification of
which is done via intercomparison between phase coherence length, mean free path, prefactor and
sample size. The phase coherence length and prefactor are extracted by fitting the conductivity
correction curves though Hikami-Larkin-Nagoaka (HLN) model, mean free path is derived from
the carrier concentration which itself is evaluated from AHE data and sample size is taken as the

thickness of the film.

In the very next study PMA is realized in MAO/CFMS/ MAO/Ti heterostructures annealed at
300°C and 400°C. We show that interfacial PMA is very responsive to the annealing temperature
and the CFMS layer thickness (fcrvs). A large PMA is achieved for fcrvs = 2.0 nm. An
improvement in the out-of-plane saturation magnetization with PMA is found to get remarkably
stimulated by the bottom MAO/CFMS interface. Besides, a uniaxial PMA is observed for an as-
deposited stack with fcpms < 1.5 nm. Annealing at 400°C significantly promoted adequate
interfacial oxidation with the improved thermal stability of the heterostructure. Through X-ray
photoelectron spectroscopy, the formation of Co—O bonds occurring as a result of the hybridization
of Co-3dz* and O-2pz orbitals at the interface shared by CFMS with MAO is identified as the
microscopic origin of the observed PMA in these stacks. These findings indicate that the CFMS

and MAO-based structures have immense potential for the next generation spintronic devices.

The study of PMA is further extended by is investigating PMA in MAO/CFMS/MAO/W stacks.
A maximum effective PMA energy density (Kep) of = 2.48 x 10° erg/cc is observed when the
thickness of the MAO layers (fum40) is 1.5 nm. The development of the PMA and saturation
magnetization (M;) is significantly stimulated by the structural changes at the MAO/CFMS and
CFMS/MAO interfaces owing to the adequate interfacial oxidation state while tuning CFMS and
MAQO thickness. The study demonstrates that controlling the oxygen diffusion across the adjoining
interface could be an easier means of achieving specific magnetic properties. These results open a

new path towards the realization of novel spintronic devices employing PMA.

Finally, we have performed various structural, magnetic and transport measurements over an
optimized CoFeCrGa Heusler alloy thin film (~50nm) grown over Si (100) substrate using

industry-viable magnetron sputtering technique. The grown film showed 42-ordering under the



given set of X-Ray diffraction measurements conditions with saturation magnetization of 1.86
us/fau. (at 5K) and Curie temperature ~595K. Nearly linearly varying longitudinal resistivity with
negative temperature coefficient was observed. Fitted longitudinal conductivity curve through
“two-carrier model” gives slight band overlap in the gapless channel for one spin channel and
small energy gap of 167 meV for other spin. A negative and linear out-of-plane magnetoresistance
response was observed in these films. The temperature dependent anomalous Hall effect
measurement gives nearly temperature independent carrier concentration (and/or) mobility with
anomalous Hall conductivity of 91.35 S/cm at 5K. Also, the AHE transport is found to be majorly
governed by momentum space driven Berry curvature. All these properties collectively imply that
the grown film possesses disordered-SGS like behaviour. The result of the study suggests that

CFCG is a potential candidate to be utilized in spintronics-based devices such as spin-injectors.

Vi



I

g duem AeiFsFcd (SGSs) TAT FaieH AHATIAT &1 Th feoaea 91 § o
Eust Aot & fov o o5 A9 3 g [fuet IoFe & fav aessiadr ds g & arg
3TeAT 3oNe S TGAT o HROT AT AR WA & I FaR &l gredr gl g
@y a1t A veoheg VARt & 3ufFufd, Uy &9 @ H@g-3muRd gEer &
U3t A, 39 ITT FFU d9AE (7o) IR A A AT gecliatn IR Iahg
AT & HROT IR Y TS 3RATSIeTeh §; FHTAT I Tdell Yoehld 3ealelsh (DMS)
& T 3UgFd IfAEUT & &9 HA w7 A Fohd g1 3Heioher, 1:1:1:1 FEISHAL &
muw-mmmW%ﬂ(EQHAs)agamqﬂwﬁ%ﬁﬁ?
OeH Tl TS aIgsit & Jore # 39 3T U gER SEs gl gl 596 @ FO
et o FR¥T I W vaeivd S [AAvaw Gas g1 39 T & #, g7 o
HE-3MTRA $FgUaT gdell fhedl &1 T 3R 3readel AT §: CoFeMnSi (CFMS)
3R CoFeCrGa (CFCG)|

HEIYA H TIAATCHS, doehrd 3T qRagT o7 Al g1 g7 ar fAsr arcgsit & 3rema,
Teh SHATEAT 3HIFASS MgALOs (MAO) & 81 MAO/CFMS/MAO FeIRgHR H dedd
goehrd AT (PMA) & HfIT el & T 3amam argm o7 3R dTeicHs,
YIhI, TcHAS IR TIFSIERII-TRT et & v fFAwr Y| o7 gedegaR
A W R Ti AATIET &I 3UAT Teh GI&TcHS it R & &7 A fohar 3 |

I Igol, HIUHTATH TIdell fhed (~60 nm) & 3TT el dlel IOT I AT (100) Fedce
W Jhiad fhar =@m ar 3R (e TRcas, TaacAs, e AR aRage
AT R 0 & d@ifer e Fr vaeivd AT &7 el fhaT ST Tk TfcRTeRdr
& SThRIcHD ATIHAT 0T 3R ST AIH T dlgeh Tehiardl 3R arfreforar &
g UhUATH Thed & ST TROT THSATTH ATIGSI &l Uleled &del & folw qrm
IT|

TOT 3HeJohelel 3R THSNUH cFagR & Thel Hedldel & oG, 3HaTel &1 et §Hal ~50 nm
Ucell CFMS a#eT fasf@a frar § 3R fawerfaqel gler 9ema (AHE) 3R &AsR
TATHAIIROT (WL) Tl & U 3reagsr fonar g1 ar-ares Alsel & Aegd 4 3ejeed
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Tefehdl 3T T TIear o TR hed wae &1 3uTFAla &1 g G| A Alsdt
& ATeTHA ¥ fawd gia afaRieesdrareendar I i o 3T sgxar & dreweacya
# TUUs AET §9 @ a1 TU S8 Fohdl & HRUT Teh IcdRep @ arel & g@anT
AT giar &1 3aRes faHTAqUT glel TTeTehdr (o) T YANMcHS: Hed STl 37.75
THAA gred R R A, S R O e § gafua duwravs e F fav
HeHifds ¥ § HAIAT Hed § ST 87 911 I3 & IR FHIT: HOHUATH her
A H Hisle HAlfde fdhR & HROT BT &1 SsofUel TdgR H 18 doh HA dodhid
&7 AT A HTRAEH (TH 3R) Tl A dof FhRieHs aged 1 3ufeafa @ 3fRa
SEXTAT IAT AT HAN I AT 3T W07 GEIAT Sells, X o qY, MiheFex
3 AHEAT IR & e IeR-Jolell & ATEIH § I AT §1 =TROT FEHIATT e 3R
Witherel T fRehrEN-oTfehet-AATINeRT (T Ul Uel) HISHT & HIEIH H dlelehdl JUR dshi
& e #leh [T ST 8, SHHT A § 6 HoFbd 9Y dlgsh Tehlaral & UIod giar
¢ oIl Hediehel T U § ST A fohar 7T § 31X 9T 3R hed $T Al & &9
H forar Srar gl

379Tel 3TETTA H GTHAT FH 300°C 3R 400°C W IW ITT MAO/CFMS/MAO/T] gelegaal
A #ggy fhar Sran g1 gA RGEd § f SIoRiFe fivAT Geifeler dAe 3R
ATHTATH TR & AT (rcrms) $ I Tgd TdeaNeT &l scrms = 2.0 nm & T wh
991 QTAT gIiler foham SITem §1 fIVAT & |y 313e-301h-Colel Hcffed Yoehed & FUR
fager TATN/ATETATE B CaRT 3ea@elld ¥ § 3dfald 9T -7 gl 396
37emdr, SRATUGUATH < 1.5 TATH o 1 AT U 10 &a & v e 3 divaw
SET ST g1 400°C TR TeAIfoldl of geegaFay &l Sgak g EeRar & a1y gared
SIHRITS HIFHRIT T Agcaqul & & Forar GATI TFHY BIeigelerelel FIeFeIEhidy
& ATETH ¥, MAO & ITT CFMS &aRT el fhv 10 §&x%hd W Co-3d72 3R 0-2p
3iTfdced & TRIUT o IRUMFATIRT gled dTel Co-O HI8 & IS &l 3oT TeFd & W 1T
PMA &I g&H 3cdfd & § # Gl STdr gl 3o fsehsi & dhd fHerar §
AuwrraTy 3R THUIN-3METRA T3 # 39Tl NE F e 3uawon & fav
AR GHTGATT g

TAT & 37ETTA I MAO/CFMS/MAO/W Tk H HITAT T ST dleh 37T 6T 31T
g1 ST MAO Rl (tma0) T ACTS 1.5nm g, df TRdA THET PMA Fail Gelcd (Kop)
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~2.48 x 10° erg/cc SWT ST &1 MUHTATH 3R TATIT A A TPl L AT qdTed
SXGRITE JfeFaator Fufd & HRUT wATAH/ATRTATE 3R SUhUATH/THUAT
SBH A TAcHS IRdcel § NUAT 3R HJiTT deshed (M;) ST [ sy 9k
BT 81 3T ¥ UdT doldl § b Aebeadl Sy & 3ifades v@R & @afa
AT FARISE daehry IO &N Y FIA T Teh A T g7 Feohhl &1 I aRomH
FITAT & AT F arel 39918 EUCIeieh 3SRV T IIfed T T & Th o141
e G g

3d H, §H 3GIN-cTTET HIagled TICRIT deheileh T IUANRT Feh AT (100) HedC
W faRfAd Tk ggfAd CoFeCrGa g¥eR &4 €rq ddell fhed (~ S0nm) W fafde=
qATCHS, daehrg 3R gRage AT & &1 fawf@d fhed @ 1.86 us/fu & FJed
YIhIIROT & HY T faacer A9 Bufadl & for 7w @ & dgd A2-3isRer
@l (5K W) 3R FgY AYAT ~595K| ASRIcHS dTIHT 0NH & HY oTaT
¥ &9 I Aot 3egeed qfaRieshdl <Y 15| "g)-argsh Alsel” & AegH 4 fhe fham
IT JHeISEY AleTehdl dsh Ueh FEUel deiel & [T Aqeld detel & ARl d3 3Naeld 3R
3T foueT & fAT 167 meV FT BIET FaAl I &l gl 37 fhedl #H T ABRICHS 3R
I@F 3M3c-3HTh-Toldd HeaeRTaeed gfafhar &t 75| audAT W HR fawd giar goma
AT 5K X 91.35 S/cm T TAYH §ToT ATlehdT & AU ST dTIHA TIdT dlgeh ThEIdl
(3MRyam) afaeherar &ar 81 sa% emar, voas gRded T 9AE ®9 @ i 3idaRe
et S ashell @R AR grar Srar 81 3 @l qor drefes §9 @ gl § &
fwfad fher A 3HcIITEAT-THSITH SHET TR gl HETAT & IRUNH & 9dT deidT
¢ [ diuwrdsT Rua-gaidey o g faea-3maia 3usiol # 39T e S arer
TF FHTAT 3FAIGAR |
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