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Figure 3.11: Experimental PDFs in the SR regime at various temperatures from 400 K to 260 K.
The atomic pairs contributing to the individual peaks are indicated below the blue arrow line. The
asterisk (*) marked peak is a ripple due to the truncation of the Fourier series. The inset shows an
enlarged view around 5.4 A, where the black arrow is to guide to the emergence of new pair of

interatomic distance while the blue arrow shows the shift of the minima towards the higher r side.

Figure 3.12: The experimental (dark black dots connected with black line) and calculated
(continuous red line) PDFs and their difference (blue line at the bottom) obtained by real space
structure refinement at 260 K using 3M modulated orthorhombic premartensite phase space group
Pnmn in the (a) SR and (b) SR+LR regimes. The PDF fits at 300 K using the same space group
(Pnmn) in the (c) SR and (d) the SR+LR regimes. The insets in (a), (b), (c), and (d) show an
enlarged view of the PDF fit around 5.4 A. The asterisk (*) marked peak is a ripple due to the
truncation Of the FOUTIEE SEITES. ......veieeie ettt nee e neeenee e 86
Figure 3.13: The experimental (dark black dots connected with black line) and calculated
(continuous red line) PDFs and their difference (blue line at the bottom) using the 3M modulated
orthorhombic premartensite phase space group (Pnmn) in the temperature range 330 to 270 K
obtained by real space structure refinement. The left panel ((a) to (g)) shows fits up to the
correlation length (&) for which the premartensite phase structure is able to account for the peak
around 5.4 A, as shown in the insets. The right panel ((h) to (n)) depicts the fits to a distance, which
is greater than the correlation lengths. The misfit for the peak around 5.4 A is quite evident from
the INSELS OF (N) 10 (). 1ouveeiie e e e e et e e ba e sre e beenreas 90
Figure 3.14: The correlation length (&) of the premartensite phase as a function of temperature.
The black dotted line shows the slowly increasing trend of & in the temperature range 330 to 270
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K. The sharp increase in ¢ at Tepm ~ 260 K is shown by the dotted blue line. Below 260 K, ¢ tends
towards its saturation value for the long-range ordered premartensite phase...........ccccceevevveenene. 91
Figure 4.1: The observed (dark black dots), calculated (continuous red line), and difference profiles
(green bottom line) obtained after Rietveld refinement of cubic austenite phase in the Fm3m space
group using x-ray powder diffraction data at room temperature of NiMnGa. Above the difference
profile, the vertical tick marks represent the Bragg peak positions whose miller indices are
indicated. The inset (i) depicts an enlarged view of the fit at the low 2 6-range. The inset (ii) shows
a BSE IMage OF NI2IMNGA. ....ccueiiiiiiiieie ettt sne et 100
Figure 4.2: (a) Temperature dependence of dc magnetization (M) of Ni-MnGa, measured at 100
Oe in the zero-field cooled warming (ZFCW; black color), field cooled (FC; red color), and field
cooled warming (FCW,; blue color) cycles. The inset in (a) depicts an enlarged view around
paramagnetic to ferromagnetic transition. The Tm, Tem, Tonset and Tc (indicated in the inset)
represent the martensite, premartensite, onset of ferromagnetic, and ferromagnetic transition
temperatures, respectively. The arrows are to guide the cooling and warming cycles. (b) The
magnetic field dependence of magnetization of Ni.MnGa, measured at the indicated temperatures

(385-2 K), wherein inset depicts the temperature dependency of the saturation magnetization (Ms).

Figure 4.3: (a) Temperature dependence of longitudinal resistivity (px) of Ni2MnGa, measured in
cooling and warming cycles at 0 and 1 T. The insets depict an enlarged view around the martensite
phase transition where cooling and warming cycles are indicated by arrows. The Tpwm indicates the
premartensite transition temperature. (b) The magnetic field dependence of magnetoresistance
(MR) of Ni2MnGa, measured at the indicated temperatures (385-2 K). .....cccocevvreiiviennnnnene. 105
Figure 4.4: (a) The magnetic field dependence of resistivity corresponding to the anomalous Hall
effect (pane) of NioMnGa, measured at the indicated temperatures (385-2 K). (b) Variation of
anomalous Hall resistivity divided by saturation magnetization (pan/Ms) with longitudinal
resistivity (pxx) and (c) their logarithm value (dark black dots) in the martensite and in both
austenite and premartensite (“A+PM”) phases. The blue line represents in (b) fitting using equation
panlMs = apxx + bpxé and (c) linear fit wherein the value of slope (5) of the linear fit is indicated.
(d) Temperature dependency of the anomalous Hall conductivity (can). (f) Temperature

dependency of scaling coefficient (SH = oan/Ms), where red and blue line represent the temperature
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independency of Sh in the martensite and “A+PM” phases, respectively. The austenite,
premartensite (PM), and martensite phases are separated by dashed lines in (d) and (f). .......... 108
Figure 4.5: The magnetic field dependence of (a)-(i) experimental (o, ; dark black dots connected
with line) and calculated Hall resistivity (p,?y”; red continuous line) and (j) topological Hall
resistivity (py,) of Ni2MnGa at the indicated temperatures. The (k) depicts the contour mapping
of the magnitude of pj, as a function of the magnetic field (H) and temperature (T). .............. 113

Figure 4.6: Temperature dependence of (a) maximum value magnitude of topological Hall

resistivity (py;”*) and (b) anisotropy constant (Kyu) of Ni2MnGa. The austenite, premartensite (PM),

and martensite phase regions are separated by vertical dashed lines. Green, red and blue color

dotted lines are to guide the behavior of pii?* and Ky in the austenite, PM and martensite phases,

FESPECTIVEIY. .ottt et et e e st e et e et e e ae e s re e te e st e e reente et e nre e reenee e 117
Figure 5.1: The observed (dark black dots), calculated (continuous red line), and difference profiles
(continuous green line) obtained after Le Bail refinement using laboratory source XRD data at 300
K for (a) the martensite phase in the P2/m space group for NisoMnzaslnissAlos and (b) for the cubic
austenite phase in the Fm3m space group for NisoMnaslnis 2Alos. Above the difference profile, the
vertical tick marks represent the Bragg peak positions in (a) and (b). The inset of (a) depicts an
enlarged view of fit around the most intense Bragg peak, while the inset of (b) shows an enlarged
view of fit around the (111) and (200) Bragg reflections. The BSE image for (c) NisoMnaslnissAlos
and (d) NisoMN3aIN152A00.8. ...c.vveveiiieiie ettt sre e re e 129
Figure 5.2: The DSC data for (a) NisoMnaslnissAlos and (b) NisoMnzslnis 2Ales. The arrows in (b)
and (c) indicate the heating and cooling cycle. The magnetic field dependent magnetization (M(H)
loop) for (c) NisoMnaslnissAlosat 5 K and (d) NisoMnaslnis2Algg at 2 K. The value of saturation
magnetic moment (Ms) is indicated in (C) and (d). .......ccooerereieiiieee e 130
Figure 5.3: (a) The temperature dependent dc-magnetization at 500 Oe for Al free NisopMnssInis
(taken from reference[91]). The temperature dependent real part of ac-susceptibility for (b)
NisoMnaslnissAlos and (¢) NisoMnaalnis 2Alog MSMASs. The insets are enlarged view around 300
K for the field cooled protocol. The Twm, Tem, TM and Tc represent the martensite transition
temperature, premartensite transition temperature, Curie temperature of the martensite phase, and

Curie temperature of the austenite phase, respectively. The ZFCW, FC, and FCW correspond to
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measurements performed during warming on the zero-field cooled sample, during field cooling,
and during warming on the field cooled sample, respectively..........ccocvveiiiieiieiie e 132
Figure 5.4: Typical SXRPD patterns of NisoMnaslnissAlos MSMA in the (a) austenite, (b)
premartensite, and (c) martensite phases. An enlarged view around the most intense (220) Bragg
peak for the austenite and the premartensite (PM) phases, given in inset (i) of (a) and (b),
respectively, reveal the appearance of the satellite peaks (indicated by ‘PM’ in the inset (i) of (b))
due to 3M like modulation in the PM phase. Untruncated view of the (220) cubic peak for the
austenite and PM phases, given in inset (ii) of (a) and (b), respectively, reveal the absence of Bain
distortion in the PM phase. The inset of (c) depicts the splitting of the most intense (220) cubic
peak and appearance of the satellite peaks due to Bain distortion and 3M like modulation of the
martensite (M) phase. The observed (dark black dots), calculated (continuous red line), and
difference patterns (continuous green line), obtained after Le Bail refinement using the SXRPD
data for the (d) cubic austenite, (¢) 3M modulated PM, and (f) 3M modulated martensite phases in
the Fm3m, P2/m, and P2/m space groups, respectively, for NisoMnaslnissAles. The vertical ticks
above the difference profile represent the Bragg peak positions. The insets (i) and (ii) of (a) show
an enlarged view of fit around the (111) and (200) Bragg reflections and around the most intense
Bragg peak, respectively. The inset of (e) and (f) shows fits around the most intense Bragg peak
region in a magnified scale. The satellite peaks of the PM phase are marked as ‘PM’ at 310 K in
the inset of (b) and (e). The peaks related to the martensite phase are marked as ‘M’ at 110 K in
the INSEL OF (C) AN (F).rovviiie e re et 133
Figure 5.5: (a) The laboratory source (CuKa) XRD data at indicated temperature (300 to 13 K) for
NisoMnaslnis sAlos MSMA. (b) An enlarged view around the most intense Bragg peak region of
(a). The peaks related to the martensite phase are marked as ‘M’ in (b). ......cccevcveeiiieiiiiennnnnn. 135
Figure 5.6: The SXRPD patterns of NisoMnsslnis2Alos are shown in (a) at (i) 400 K, (ii) 220 K,
and (iii) 100 K. The insets show an enlarged view around the most intense Bragg peak to reveal
the satellite peaks of the premartensite (PM) phase. The enlarged view around the most intense
cubic peak (220) at the various temperatures in the range 400-100 K are given in (b) and (c). The
arrows in (c) indicate the temperature dependent shifts of the PM satellite peak positions. Note the
gradual sharpening of the satellite peaks in (c) on lowering the temperature. (d) An enlarged view
around the most intense (220) cubic peak at selected temperatures reveal the appearance of the

most intense satellite peak of the PM phase at T ~ 300 K, indicated by an arrow. (e) Untruncated
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SXRPD profiles of the (220) cubic Bragg peak is depicted in the 400 to100 K range. The satellite
peaks of the PM phase are marked as ‘PM” in the inset of (ii) and (iii) of () and in (C). .......... 137
Figure 5.7: The laboratory source (CuKa) XRD data of NispMnaslnis2Alog alloy at indicated
temperatures (300 to 13 K) wherein the inset shows an enlarged view around the most intense
2T To o N 0T LSRR 138
Figure 5.8: The observed (dark black dots), calculated (continuous red line), and difference
patterns (continuous green line) obtained after Le Bail refinement using SXRPD pattern of
NisoMnaslnis 2Alog MSMA for the (a) cubic austenite phase at 400 K and (b) 3M modulated
premartensite (PM) phase at 100 K in the Fm3m and P2/m space groups, respectively. The vertical
tick marks above the difference profile represent the Bragg peak positions in (a) and (b). The inset
of (a) shows the presence of (111) and (200) Bragg reflections characteristic of the L21 ordering
in the cubic austenite phase. The inset of (b) shows an enlarged view of the fit around the most
intense Bragg peak and satellite reflections (marked as ‘PM’ with their indices) related to the 3M
modulated PM phase. The temperature dependence of the dc magnetization, measured on zero-
field cooled sample during warming cycle, is shown in (c) for different magnetic fields. The
enlarged view of (c) around the FM T¢, shown in (d), reveals a skewed diffuse peak due to the PM
transition. The variation of the PM transition temperature (Tpm) With the magnetic field is shown
10 () T USSP T PP PRSPPI 140
Figure 5.9: (a) High-resolution SXRPD pattern collected at 294 K under zero magnetic field (black
dots connected with a continuous line) and an external magnetic field of 2500 Oe (red squares
connected with a continuous line) for NisoMnasslnis 2Alos. The inset of (a) shows an enlarged view
of the lower 2@-range (2-12.5°). (b) An enlarged view of encircled region of (a) (guided by arrow).
Note the disappearance of the satellite peaks related to the premartensite (PM) phase under the
magnetic field. (c) Image of magnets setup used in measurement, where (i), (ii), (iii), and (iv)
indicate the magnets, capillary position, plastic for support, and clay for positioning the magnets
centered with respect to the capillary, respectively (shown by arrow). The ‘*’ in the inset of (a)
and ‘PM’ in (b) indicate the extra peaks related to the setup of magnets and satellite peaks related
t0 the PM phase, reSPECLIVEIY. .......oouiiiiiiiiieee e 142
Figure 6.1: The observed (filled black circles), calculated (continuous red line), and difference
(bottom green line) profiles obtained after Rietveld refinement using laboratory x-ray powder

diffraction data at room temperature using the hexagonal structure with P6s/mmc space group. The
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vertical ticks above the difference profile represent the Bragg peak positions. The “Rwp” is the
weighted agreement factor of the fitting. The inset depicts a unit cell structure of NiMnGa. ... 153
Figure 6.2: The magnetization vs temperature (M(T)) plot for an applied field of 100 Oe under
zero-field cooled warming (ZFCW) cycle. Inset (i) depicts the enlarged view of M(T) in the
temperature range of 150 K to 330 K where the arrow shows the decreasing behavior of M(T)
below ferromagnetic transition temperature (Tc), the red line shows deviation below 180 K and
dotted blue lines are showing the spin reorientation transition (SRT) region with starting at ~ 210
K. Inset (ii) depicts the M(T) measured at a high applied field (5 Tesla) under the ZFCW cycle.

Figure 6.3: (a) M(T) at different magnetic applied fields under ZFCW, FC, and FCW cycles
indicated by black, olive, and blue color, respectively. (b) An enlarged view of (a) around Tc at the
indicated field, where ZFCW and FCW cycles are completely superimposed, while the arrow
indicates the FC and FCW cycles. The ZFCW, FC, and FCW correspond to measurements
performed during warming on the zero-field cooled sample, during field cooling, and during
warming on the field cooled sample, reSPeCtiVElY. ........ccoiiiiiiiii e 157
Figure 6.4: The enlarged view of Figure 6.3(a) around Tc only for the ZFCW cycle (indicated by
arrow) at the indicated fields. The red lines indicate the extrapolation of magnetization for both
above and below Tc where the intersection point of red lines is considered as the onset temperature
of Tc (Tonset) at each field. The obtained Tonset at each field is shown in the inset, where the blue
line represents the HINEAr FItlING.........cooi i s 158
Figure 6.5: (a) The isotherms (M(H)) around Tc in the temperature range of 378-330 K, in the 2 K
temperature interval, under the cooling cycle. (b) The Arrott plots (H/M vs M? plots) using M(H).
Figs. (c) and (d) depict enlarged views of the Arrott plots at the low field region at the indicated
temperatures. The arrow in (c) is to guide the negative slope. The change of sign of curvature
around Tmig ~ 342 K iS VISIDIE IN (). 1.eovveieieieece e 159
Figure 6.6:The enlarged view of M(T) (given in Figure 6.3(a)) at the indicated fields around spin
reorientation transition (SRT) for (a) ZFCW cycle and (b) FC cycle. The (c) depicts an enlarged
view of M(T) around SRT for FC and FCW cycles guided by the arrow at 2000 Oe of the applied
field. The (d) depicts the field dependence of start of the SRT temperature (Tszr) (obtained from
ZIFCWV CUIVE).. oottt ettt et ettt e a e et e e he e et e e e st e et e e e bt e e be e eabeebeeanbeesbeenneeebeeaneas 161
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Figure 6.7: (a) Isothermal M(H) around Tsrr in the 170-230 K temperature range in the 5 K
temperature interval. (b) Arrott plots using M(H) around Tsrr. The inset in (a) and (b) depict an
enlarged view at the region of the high field of M(H) and at the low field region of the Arrott plots.

Figure 6.8: (a) The observed (filled black dots), calculated (continuous red line), and difference
(bottom green line) profiles obtained after Rietveld refinement using synchrotron x-ray powder
diffraction (SXRPD) data at room temperature using the hexagonal structure with P6z/mmc space
group. The vertical blue ticks above the difference profile represent the Bragg peak positions. The
inset of (a) depicts an enlarged view of the most intense Bragg peak region. (b) The SXRPD
patterns at indicated temperatures. The inset of (b) depicts the enlarged view of the most intense
Bragg peak region. (c) The enlarged view of SXRPD data around intense Bragg peak region in the
110-400 K range in the temperature interval 0f 5 K. ......ccooiiiiiiiiie e 164
Figure 6.9: (a) The temperature dependent (300 to 15 K) laboratory source x-ray diffraction
patterns of MnNiGa. (b) An enlarged view of (a) around the most intense Bragg peak region. The
miller indices of both major peaks are indicated near the bottom-most pattern in (b). .............. 165
Figure 6.10: Temperature dependent behavior of (a) lattice parameters (a & c), (b) c/a ratio and
(c) unit cell volume (V). The temperature derivative of a, ¢, and V are given in (d) da/dT, (e) dc/dT
and (f) dVv/dT, respectively. The blue curve in (d), (e), and (f) represent a smoothen behavior. The
transition temperatures (Tsrr ~ 200 K and Tc¢ ~ 350 K) are guided by the vertical dotted line in (a)-

Figure 6.11: The unit cell volume (V) of hexagonal phase vs temperature plot indicated by black
circles. The solid red line indicates the theoretically modeled unit cell volume (Vca) using the
Debye-Grineisen equation. The grey arrow indicates the deviation between V and Vca. The bulk
hexagonal strain (4V7/V) vs square of spontaneous magnetization (MZ) plots are shown in the inset
(i) for 350-300 K, inset (ii) for 300-260 K, and inset (iii) for 260-180 K, where the blue line
represents the TiNear FItlING..........coo s 172
Figure 6.12: The bond length corresponding to (a) Ni-Ga, (b) Mn-Mn, and (c) Ni-Mn or Ga-Mn
pairs. The temperature derivative of (d) Ni-Ga, (e) Mn-Mn, and (f) Ni-Mn or Ga-Mn, pairs. The
blue curve in (d)-(f) represents a smoothen behavior. The transition temperatures Tc ~ 350 K and
Tsrr~ 200 K are guided by the vertical dotted line. ..........coovoiiiiiiii s 174
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Figure 6.13: (a) Temperature dependency of bond angle corresponding to Mn1-Ni-Mn2 and Ni-
Mn1-Mn2. The slope change around Tc ~ 350 K and Tsgrr ~ 200 K are guided by the vertical dotted
line. (b) The unit cell of NiMnGa, where the position of atoms involved for bond lengths (shown
in Figure 6.12) and bond angles (shown in Figure 6.13(a)) are indicated (by arrows and angle) for
the sake OF VISURIIZATION. .......cviiiii e 175
Figure 6.14: Thermal expansion vs temperature plot corresponding to (a) a-parameter (da/a), (b)
c-parameter (d4c/c) and (c) unit cell volume (4V/V). The blue curve represents smoothened
behavior. The anomalous, positive, and zero thermal expansion regions are guided by dashed lines
and red arrows. The ZTE, ATE, and PTE represent the zero-thermal expansion, anomalous thermal
expansion, and positive thermal expansion, respectively. The thermal expansion coefficient
corresponding to a-parameter, c-parameter, and unit cell volume is indicated by aa, ac and av,
TESPECTIVEIY. .ttt bbb bbbt ettt bbbt bt 178
Figure 6.15: The observed (black spheres), calculated (continuous red line), and difference profiles
(bottom green line) obtained after Rietveld refinement using synchrotron x-ray powder diffraction
pattern at the ambient condition in the P6s/mmc space group of NiMnGa. The vertical tick marks
above the difference profile represent the Bragg peak positions. The “Rwp” represents the weighted
agreement factor of the fitting. The miller indices are given above each reflection. ................. 180
Figure 6.16: (a) The synchrotron x-ray powder diffraction pattern collected at various pressure
(indicated) up to 14 GPa. (b) The enlarged view around the most intense Bragg peak region. The
miller indices of both major peaks are given in the bottom-most in (b). The “P (GPa)” represents
the pressure in the GPa unit. The topmost pattern labeled by “0.50 (release)” was collected during
releasing the pressure with effective pressure of 0.50 GPa. ...........ccceeveiiiviiic i 181
Figure 6.17: Pressure-dependence of (a) in-plane and (b) out of plane lattice parameters of
NiMnGa. The red line and dotted blue line in (a) and (b) represent the linear compression and
extrapolated region of linear compression behavior, respectively. The “da/dP” and “dc/dP”
indicate the linear compression rate in a and c-parameter in (a) and (b), respectively. The error in
lattice parameters is smaller than the symbol size. (c) The unit cell of NiMnGa, wherein different
lengths of springs connected with arrows indicate the different compression rates in the in-plane
and out-of-plane [attiCe PAramMEtErsS..........cooiiiii i 183
Figure 6.18: Pressure-dependence of unit cell volume (V). Solid lines indicate the results of a

second-order Birch—Murnagan equation-of-state (EoS) fit to the data. “EoS1” and “Eo0S2”

XX



represent the fitting considering the data upto 4 GPa and above 4 GPa, respectively. The Vo, B,
and B’ are the parameters obtained from the fit. Pressure dependence of c/a ratio is depicted in the
inset, wherein the red line and dotted blue line represent the linear fit and extrapolation of the linear
fit, respectively. The error in V and c/a are smaller than the symbol size. .............ccoceiviienns 184
Figure 7.1: Temperature dependence of the real part of ac-susceptibility (¢'(7)) of NiMnGa,
measured at 333 Hz under the zero-field cooled warming cycle. The Tc and Tsrr indicate the
ferromagnetic and spin reorientation transition temperature, resSpectively...........cccccooveninnnnnne 194
Figure 7.2: (a) The variation of the real component of ac-susceptibility (") with dc magnetic field
(H) (¢’ vs H plot) at 220 K with increasing and decreasing field (-1 T to 1 T). Hs and Hc indicate
the critical fields at which the system transforms from helical to biskyrmions and from biskyrmions
to ferromagnetic states, respectively. (b) The first derivative (dy"/dH) of y'vs H plot. The insets (i)
& (i) of (b) depict an enlarged view around -0.25 T and 0.25 T, respectively, where the vertical
dashed lines indicate the increasing and decreasing fields of maxima and minima................... 196
Figure 7.3: The variation of the real component of ac-susceptibility (y) with dc magnetic field (H)
(¢’ vs H plot) at the indicated temperatures (5 to 340 K) with increasing magnetic field only (0 to
+1 T). The inset shows the enlarged view around 0.2 T. The blue arrow in the inset indicates the
increasing behavior of critical field (Hs) and peak growth on decreasing the temperature........ 198
Figure 7.4: The observed profile (black spheres), calculated profile (continuous red line),
difference profile (continuous green line), Bragg peak positions (blue ticks), and weighted
agreement factor (Rw) obtained after Rietveld refinement in the P6s/mmc space group of NiMnGa
using high-Q synchrotron x-ray powder diffraction data at (a) 400 K, (b) 300 K, and (c) 100 K.
The reduced structure function F(Q) vs Q at (d) 400 K, (e) 300 K, and (f) 100 K. .......c........... 200
Figure 7.5: Experimental pair distribution functions (PDFs; G(r)) on the vertically spaced scale at
various temperatures from 400 K to 100 K in the (a) Short-range (SR), (b) Medium-range (MR),
and (C) Long-range (LR) FEGIMES. .......cuiiiieieieiiesie ettt bbbt 202
Figure 7.6: The experimental PDF (blue spheres), calculated PDF (continuous red line), their
difference (continuous green line at the bottom), and weighted agreement factor (Rw) obtained by
real-space structure refinements using the P6s/mmc space group in the SR and LR at (a) 400 K,
(b) 300 K and (c) 100 K with isotropic atomic displacement parameters (ADPS; Uiso) consideration
in the refinements. The PDFs fits in the SR and LR using the same space group (P6s/mmc) at (d)
400 K, (e) 300 K, and (f) 100 K with anisotropic ADPs (Uaniso) consideration in the refinements.
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The significant misfit just below 5 A is indicated by encircled region of difference PDFs (Gdiff)
L (o) =) T U Lo TSR 206
Figure 7.7: The anisotropic atomic displacement parameter (AADP) of the Mn atom with distance
(r) obtained after r-dependent real-space structure refinement using the P6s/mmc space group at
(a) 400 K, (b) 300 K, and (c) 100 K. The planer ADP (U11) and prismatic ADP (Uzs3) are indicated
by black squares connected with a solid line and blue spheres connected with a solid line,
respectively. The insets in the (a), (b), and (c) depict the ratio of Uss with U1 (i.e., Uza/U11) vs r
0] 0] ST T USSP TP U PP PRSPPI 207
Figure 7.8: The experimental PDF (blue spheres), calculated PDF (continuous red line), their
difference (continuous green line at the bottom), and weighted agreement factor (Rw) obtained by
real-space structure refinements in the SR at 300 K using space group (a) P6smmc, (b) P6m2, (c)
P6smc, (d) P62c, (e) P6322, (f) P63/m, (g) P31c, (h) Pmmc, (i) Pnma, (j) P3m1, and (k) P3m1. For
comparison, the difference PDF (Gdiff) of (j) and (k) are depicted in separate panels given below
(1) and (K), FESPECLIVEIY. ..ottt 209
Figure 7.9: The experimental PDF (blue spheres), calculated PDF (continuous red line), their
difference (continuous green line at the bottom), and weighted agreement factor (Rw) obtained by
real-space structure refinements using the P6s/mmc space group in the SR at (a) 400 K and (c) 100
K, while in the LR at (e) 400 K and (g) 100 K. The PDFs fits using the P3m1 space group in the
SR at (b) 400 K and (d) 100 K, while in the LR at (f) 400 K and (h) 100 K..........ccccoeevveivrennenn 214
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Preface

Shape memory alloys (SMAS) are a special class of materials that remember their shape with the
application of temperature and (or) stress. The shape change in these materials, which can be
manipulated by both temperature and stress, is directly related to a structural (martensite) phase
transition. These alloys have received tremendous interest due to their extensive technological
applications ranging from automobiles, aerospace, marine structures, biomedical devices to energy
conversion devices. Recently, another kind of SMAs gained huge interest, where shape change
can be manipulated, and a large strain can be generated with the application of external magnetic
field. These materials are termed magnetic shape memory alloys (MSMAS). The MSMAs have the
advantage over the conventional SMAs as large strain can be generated within the martensite phase
with magnetic field, which provides faster switching. Thus, the discovery of MSMAs offers
potential for developing novel sensors and actuators based on the application/removal of the
magnetic field with or without external stress at a fixed temperature. Among the several MSMAs,
the Ni-Mn-based MSMASs are of current interest as, besides a large magnetic field induced strain
(MFIS), they also exhibit several exotic physical properties/phenomena, e.g., giant magnetocaloric
effect, large magnetoresistance, anomalous Nernst effect, strain glass transition, skyrmionic
textures etc. These exotic properties/phenomena of Ni-Mn-based MSMAs make these materials
very important for solid-state cooling and information storage technology applications also.

The origin of the above-mentioned properties of Ni-Mn-based MSMA:s is closely related to their
interesting phase transition behavior. These alloys exhibit a paramagnetic to ferromagnetic (FM)
phase transition and sometimes include FM to antiferromagnetic and (or) ferrimagnetic phase
transition. Besides the magnetic phase transitions, they also show a structural phase transition from

the high temperature cubic austenite to a low-temperature lower-symmetry martensite phase. In
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general, the martensite phase of Ni-Mn-based MSMAs exhibits structural modulation, which plays
a vital role in the appearance of huge strains in these alloys. Therefore, it is important to understand
the phase transitions and crystal structure of different phases in order to explore the different

physical properties of Ni-Mn-based MSMA:s.

Some important Ni-Mn-based MSMAs (e.g., NioMnGa) show an interesting precursor (or
premartensite) phase, which precedes the martensite phase, with preserved cubic symmetry of the
austenite phase. As premartensite phase is directly related to the martensite phase, it also affects
the related physical properties (e.g., strain glass behavior and skyrmionics textures) observed in
these alloys. Therefore, a detailed understanding of the premartensite phase is necessary to tune
the related physical properties of the martensite phase. Although the precursor have been observed
in the austenite phase also in terms of the appearance of diffuse scattering and softening of 1/3
(110) transverse acoustic (TA2) phonon mode in Ni2MnGa due to the development of local short-
range correlations, it is still unclear whether these precursor effects are related to the martensite or
the premartensite phase. This calls for a systematic study of the local structure of these alloys. In
addition, since the premartensite phase usually appears in a rather narrow temperature range with
weak signatures in the bulk physical property measurements, a premartensite phase stable over a
wider temperature window is desirable for a proper understanding of this state. The results
presented in this thesis provide evidence for a precursor state of the premartensite phase as local
structure in the austenite phase of NizMnGa MSMA, where the stability of the premartensite phase
is narrow and robust evidence for the stabilization of the premartensite phase as ground state of
the Ni-Mn-In MSMA via chemical pressure tuning using magnetization and high-resolution, high-

flux as well as high-Q synchrotron x-ray diffraction data analysis.
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In recent years, additional contributions (anomalous and topological) to the conventional Hall
effect have been reported in Ni-Mn-based MSMAs. The results presented in the literature for the
Hall effect are, however, controversial and calls for a detailed investigation of these MSMAs. The
existing literature also suggests that the topological Hall effect associated with skyrmions may be
influenced by the premartensite phase. Therefore, it is essential to investigate the role of the
premartensite phase on the topological Hall effect in these alloys. In the present thesis, results of
a comprehensive study on the origin of the anomalous and topological Hall effect in NizMnGa

MSMA is presented using analysis of magnetotransport data.

The hexagonal compound NiMnGa, which comes under another class of related materials, has
received vast attention due to the observation of stable biskyrmionic textures, which can be utilized
in the skyrmion-based spintronic devices at higher temperatures. Although temperature dependent
structural and magnetic studies have been performed in the past, a detailed investigation of the
correlation between the structural and magnetic behavior is still unclear in this compound.
Interestingly, the stability of skyrmionic textures in some of the materials is found to be very
sensitive to external uniaxial stress or pressure. This suggests that the stability of the skyrmionic
spin textures can be manipulated through spin-lattice/magnetoelastic coupling. The manipulation
of skyrmions with external pressure provides an additional tool for manipulating the functionality
of such compounds. Thus, a detailed study of the hexagonal compound NiMnGa with external
hydrostatic pressure may provide important information, which can be useful for the applications
in spintronic devices. The present thesis provides results of a comprehensive study of phase
transitions on NiMnGa using magnetization as well as temperature and pressure dependent
synchrotron x-ray diffraction data. In general, the stabilization of skyrmions have been proposed

to exit in noncentrosymmetric materials due to the presence of Dzyaloshinskii—Moriya interaction.
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However, the NiMnGa has a hexagonal structure with a centrosymmetric space group (P6zmmc)
and yet it hosts biskyrmionic textures. To understand the origin of biskyrmions in this compound,
the results of a local structure study of the NiMnGa using high-Q synchrotron x-ray diffraction

data analysis are also presented in this thesis.

In this thesis, a detailed study of the phase transition, local as well as global crystal structure, and
anomalous Hall effect are performed in Ni2MnGa, NisoMnaslniexAlx (x = 0.5, 0.8) MSMAs, and a

related hexagonal NiMnGa system. The present thesis is divided into eight chapters.

Chapter 1 provides definition and a detailed description of martensite transition, shape memory
alloys, magnetic shape memory alloys and related terms used in this work, followed by a review
of literature related to the Ni-Mn-based MSMAs and hexagonal NiMnGa.

Chapter 2 contains the details of the synthesis process, including a detailed discussion of various
components, several characterization techniques employed, e.g., laboratory source x-ray
diffraction measurements for checking the phase purity, energy dispersive analysis of x-rays for
composition determination, differential scanning calorimetry for the phase transition temperatures.
In addition, the details of the magnetic and magnetotransport measurements using physical
properties, magnetic properties, and cryogenic free measurement systems are provided. The details
of the synchrotron x-ray powder diffraction (SXRPD) measurements carried out at the P02.1
beamline of PETRA-III and Xpress beamline of ELETTRA at different temperatures and
pressures, respectively, are also presented in this chapter.

Chapter 3 provides evidence for the precursor state of the premartensite phase in Ni-MnGa
MSMA using atomic pair distribution function analysis of the high-Q SXRPD data and
magnetization studies. This precursor state is present in the short-range only with a crystal structure

similar to the premartensite phase. The Arrott plot, critical isotherms and universal curve analysis
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confirm the first-order character of paramagnetic to FM phase transition in Ni-MnGa MSMA,
while the analysis of the high-resolution SXRPD data reveals the presence of magnetoelastic
coupling. The role of such a coupling in inducing first-order FM phase transition is rationalized
using the Landau theory considerations.

Chapter 4 presents evidence for intrinsic anomalous Hall conductivity as well topological Hall
effect in Ni2MnGa MSMA.. A detailed analysis of Hall conductivity reveals that intrinsic Berry
curvature contribution dominates over skew scattering and side jump in the austenite,
premartensite and martensite phases of Ni2-MnGa MSMA.. The presence of skyrmions is indicated
in the martensite as well as the premartensite phases by the observation of characteristic
temperature-independent behavior of the peak value of the topological Hall resistivity.

Chapter 5 describes the results of a detailed structural and magnetic investigation of the effect of
Al-substitution in NisgMnzslnie MSMA using SXRPD and magnetization data. The combined
analysis of magnetization and SXRPD data reveal that the premartensite phase is stabilized over a
wide temperature range in NisoMnazslnis 2Alog MSMA. This robust evidence for the stabilization
of the premartensite phase is shown to result by tuning of the chemical pressure via substitution
with a smaller size atom (Al) at the In site in NisoMnaslnie MSMA. The structure of stabilized
premartensite phase is shown to be 3M modulated monoclinic in the P2/m space group. The
analysis of the SXRPD data measured under the magnetic field provides evidence for the presence
of magnetoelastic coupling, which plays a crucial role in the stabilization of the PM phase in
NisoMnsslnie MSMA by Al substitution.

Chapter 6 presents the results of magnetization data and a detailed crystal structure investigation
using SXRPD on the biskyrmion host hexagonal NiMnGa compound. The Arrott plots analysis

and presence of small thermal hysteresis around FM Tc in the magnetization data reveal first-order
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character of the paramagnetic to FM phase transition in this compound. We also presented
evidence for magnetoelastic coupling at the FM as well as the spin reorientation transitions (SRT).
It is argued that the Ni-Mn and Ni-Ga mediated exchange interactions dominate the paramagnetic
to the FM phase transition, while the Mn-Mn mediated exchange interactions dominate the SRT.
In addition, the evidence for an isostructural phase transition driven by hydrostatic pressure at a
pressure around 4 GPa in the hexagonal NiMnGa using pressure dependent SXRPD data analysis
is also presented in this chapter.

Chapter 7 provides the signature of biskyrmionic states in NiMnGa using magnetic field-
dependent ac-susceptibility measurements and a detailed analysis of the local structure of NiMnGa
using the pair distribution function method. A high-Q SXRPD data reveals the presence of
noncentrosymmetric trigonal structure with space group P3m1 in the short-range, which may be
responsible for the presence of the biskyrmionic state. On the other hand, the long-range structure
of NiMnGa remains centrosymmetric hexagonal with P63/mmc space group.

Chapter 8 summarizes the key findings of the present thesis and proposes a few suggestions for

future work in the field related to this study.
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