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CHAPTER 7. PRESSURE DRIVEN ISO-STRUCTURAL PHASE TRANSITION AND ITS
IMPLICATION ON THE NEEL SKYRMION HOST HEXAGONAL PTMNGA

In this chapter, we explore the pressure-dependent isostructural phase transition in the
PtMnGa Néel skyrmion host system. We conducted experimental and simulation studies

to assess the stability of skyrmions near or above room temperature.

7.1 Introduction

Magnetic skyrmions are topologically protected particlelike nanoscaled nontrivial spin
textures that have been extensively studied in several systems [1—4], and it is gaining im-
mense importance by virtue of their huge potential applications for low-power-consumption,
ultradense storage and logic devices [5—8]. Since its discovery, magnetic skyrmions have
been found in various magnetic materials and mainly studied in noncentrosymmetric ma-
terials, like MnSi [9-12], FeGe [13, 14], FeCoSi [15, 16], and Cuy0OSeO3 [17-19] where
the competing Heisenberg and Dzyaloshinskii-Moriya interaction (DMI) stabilized these
nontrivial spin texture [20, 21]. Recently, it has also been discovered in centrosymmet-
ric magnetic materials with uniaxial magnetic anisotropy, as reported in the FezSny [22]
and La(a_24)S1(1125)Mny 07 [23], Gd2PdSis [24], GdsRuyAly; [25], GdRu,Si; [26], EuAly
[27], MnPdGa [28]. In these centrosymmetric materials, the different topological mag-
netic spin textures can be stabilized by manipulating the helicity and vorticity [22]. The
evolution and nature of magnetic spin texture are influenced by the various magnetic struc-
tures [29]. Due to the different symmetry of interaction between spin in the crystal lattice
and the existence of a magnetic interface, magnetic skyrmions exhibit distinct spin dynam-
ics. Depending on different directions of spin dynamics, magnetic skyrmions are classi-
fied into three types: Bloch [30], Néel [31], and antiskyrmions [2]. Néel-type skyrmions
gained importance over other skyrmions because of their stability, dynamics and potential
use in spin-based memory and logic devices [4]. In the Néel-type skyrmions, the magnetic
moments rotate in the radial plane with the opposite-aligned moment at the periphery and
core of the skyrmions [31]. Néel skyrmions have been observed with the broken inversion
symmetry in nonmetallic compounds, e.g. GaV,Sg [31] and VOSe,O5 [32] and metallic
systems like Fe3TeGeo/CryTesGeg [33], FesGeTeo/[Co/Pd] g [34].
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PtMnGa is the first metallic system which shows the thermodynamically stable bulk type
Néel skyrmions in the temperature range 210-220 K and weakly stable Néel skyrmions
in a broad temperature range up to 5 K [35]. This compound shows paramagnetic (PM)
behaviour at ambient temperature and switches to a ferromagnetic (FM) state at its Curie
temperature (T ~ 236 K) [29]. Below T¢, it transforms to canted antiferromagnetic
(CAFM) state at the temperature 175 K, followed by another transition from CAFM to
the mixed CAFM and spin-density-wave state at 148 K [29]. These multiple magnetic
transitions are due to the different strengths of magnetostructural coupling as evidenced
by the temperature-dependent deviation observed in lattice parameters and volume mag-
netostriction [29]. A temperature-dependent abnormal change in the lattice parameters
ratio has been reported at the maximum skyrmion density temperature, and crystal sym-
metry is preserved in the whole temperature range [36]. The abnormal change in the lattice
parameters is directly related to isostructural phase transition [37, 38] or magnetoelastic
coupling [39] The formation of stable skyrmions near room temperature is desirable for
application in technological devices [40]. The stability of the skyrmionic phase is very
sensitive to external stimuli like pressure, magnetic field, thermal annealing, ion irradia-
tion, electric current etc. [3, 6,40—45]. The application of pressure allows for studying and
manipulating the properties of materials, leading to a better understanding of their behav-
ior and the development of new materials with tailored characteristics [46]. Applying a
small value of mechanical pressure can effectively change the crystal structure or the elec-
tronic configuration, leading to a change in the spin-lattice coupling and hence magnetic
behaviour of the materials. The manipulation of the stability of skyrmions has been stud-
ied in MnSi [47], FeGe [48], and Cu;0SeO3 [49-51] systems using pressure. Recently,
isostructural phase transition and shift in the maximum skyrmion density temperature has
been studied in the MnNiGa magnet, which is the sister compound of PtMnGa, using
pressure-dependent synchrotron X-ray powder diffraction (SXRPD) data analysis [52].
Interestingly, in the PtMnGa system, ferromagnetic transition temperature (1) increases
with hydrostatic pressure with the rate of d7/dP ~ 1.7 K/kbar [53]. This suggests that

there is a possibility to get the thermodynamically stable skyrmions temperature regime
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(210-220 K) close to room temperature or even at a higher temperature, which necessitates

a detailed pressure-dependent structural investigation of the PtMnGa system.

Here, we provide a detailed pressure-dependent structural study of the Néel skyrmions host
PtMnGa system using SXRPD data. The Le Bail analysis of pressure-dependent SXRPD
data shows a continuous contraction of unit-cell parameters (a and c, respectively). Across
the whole pressure range, the crystal structure of PtMnGa remains hexagonal, and a depar-
ture from linear behaviour in the lattice parameters at about 6 GPa with pressure indicates
an isostructural phase transition. Additionally, a second-order Birch-Murnaghan equa-
tion of state (B-M EoS) is used to fit the unit cell volume versus pressure curve, and it
further confirms an isostructural phase transition occurs at pressures of ~ 6GPa. Theo-
retical findings regarding magnetic moment, band structure, and density of states (DOS)
with pressure concur with the experimental results. Our study demonstrates the pressure-

induced isostructural phase transition in Néel skyrmions host PtMnGa.

7.2 Methods

A high-quality polycrystalline 4 g sample ingot of PtMnGa was prepared using standard
arc melting furnace in an argon atmosphere, with a weight loss of approximately 0.07%
[54-56]. To homogenise the sample, melting was done six times and followed by the
annealing process for six days at 1073 K under the evacuated quartz, and then it was
quenched under the ice-cold water. For the primary characterization, a small piece of
the quenched bulk sample was ground into fine powder and then annealed in the vacuum
condition to eliminate stress-induced effects originated during crushing [57-59]. X-ray
powder diffraction measurement was done to check phase purity. Pressure-dependent
SXRPD were performed at room temperature using high-energy (wavelength ~ 0.4957
A) collimated X-ray beam at XPRESS beamline Elettra, Trieste [60]. Typically, data were
collected for an exposure time of 30 s at each pressure point, and several patterns were
collected at close intervals up to 14.5 GPa pressure. 4:1 methanol-ethanol mixture was

loaded as a pressure-transmitting medium inside a 100 4 m hole of a stainless steel gas-
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ket. The pressure was independently measured by the ruby fluorescence method. A few
ruby chips of diameter 5-8 1 m were loaded with the powder sample in the DAC pres-
sure chamber to measure the pressure. The fit2D software integrates the collected two-
dimensional (2D) image into one-dimensional (1D) (intensity vs 26) diffraction pattern.
Magnetization measurement of zero field cooled sample was performed during heating at
a low magnetic field of 100 Oe. The temperature-dependent low background and high-
resolution SXRPD measurements were performed using high-flux (wavelength ~ 0.2071
A) collimated X-ray beam at P02.1 beamline PETRA-III DESY, Hamburg, Germany. The
temperature-dependent XRD data were measured isothermally. During the measurement,
the temperature was ramped from the initial temperature to the next temperature, and then
we waited an additional 2 minutes to ensure temperature stability before recording the
diffraction pattern using the Perkin Elmer XRD1621 CN3 — EHS detector (200 x 200 m?
pixel size, 2048 x 2048 -pixel area). To corroborate the experimental findings, we have also
performed the density functional theory calculations using the Quantum ESPRESSO (QE)
software package. With the use of generalized gradient approximation (PBE-GGA) [61],
the Kohn-Sham Hamiltonian is solved within the framework of pseudopotential (pp) and
plane wave basis sets as implemented in QE [62]. Optimized norm-conserving Vander-
bilt pseudopotential (ONCV pps) [63] are used in the calculations and the kinetic energy
cutoff for the plane wave is taken as 80 Ry, which is sufficient for the norm-conserving
pps. The electronic integration over the Brillouin zone is approximated by the Gaussian
smearing of 0.01 Ry for the self-consistent (SC) calculations and tetrahedral occupation
is considered for the DOS calculations. The Monkhorst-Pack k-grid of 8 x 8 x 6 and

10 x 10 x 8 are used for the SC and DOS calculations, respectively.

7.3 Results and discussion

7.3.1 Phase purity and phase transitions
To check the purity of the structural phase, we have performed room temperature SXRPD
measurement. Figure 7.1 shows the Le Bail fit of room temperature SXRPD pattern. The

calculated profile, as well as the observed pattern, are well matched, and each Bragg’s
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Figure 7.1: Le Bail fit of room temperature SXRPD pattern. Black dots, red and green
solid lines, respectively, show the experimental data, calculated data and the residue. The
blue ticks represent Bragg’s peak positions.

peaks are well indexed using P63/mmc space group, which confirms that PtMnGa crys-
tallizes into the single-phase hexagonal structure as reported in the literature [64]. The
room temperature lattice parameters (a = b = 4.3319(5) A, ¢ = 5.5832(8)A) were ob-
tained using Le Bail refinement and well matched with the previous reports [29, 64]. To
determine the magnetic phase transition, the temperature-dependence zero field cooled
magnetization measurement was performed from 3 to 400 K under 100 Oe applied mag-
netic field (shown in Fig. 7.2) [65]. It shows a PM behavior at room temperature. As
the temperature lowers below room temperature, there is a sudden change in the magne-
tization, reflecting the PM to FM ordering at its 7 ~ 235 K. Further lower down the
temperature below T, there is a smooth and slight decrease in the magnetization below
the ~ 220 K (inset of Fig. 7.2). In general, the magnetization increases with temperature
as a function of (7 —T)'/? at the PM to FM phase transition [66, 67], but this anomalous
decrease in magnetization behaviour could be due to rearrangement of the FM spin struc-
ture into a non-trivial spin structure which favours thermodynamically stable skyrmions
in the temperature range of 210 to 220 K. The decrease in magnetization is followed by
a slope change at ~ 200 K, and the system transforms to a CAFM state. Further, with

temperature decrease, it goes to mixed CAFM and spin density wave state at ~ 150 K.
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These magnetic states and transition are highlighted with colour regimes in Fig. 7.2 and
also well agreed with the literature [29]. Néel skyrmions are stable in the broad temper-
ature regime from 5 to 220 K, but our focus of the study is on the temperature regime of

210 to 220 K due to its thermodynamic stability.
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Figure 7.2: Zero field cooled magnetization measurement as a function of the temperature
at low field (100 Oe) [65]. Magnetic states are highlighted with distinct colours. “7T”
represents the Curie temperature. Inset shows a magnified view of the plot around the
thermodynamically stable skyrmions regime.

7.3.2 Pressure dependent structural analysis

Pressure-dependent SXRPD measurement was performed to study the crystal structure
and phase transition under pressure conditions. In situ, pressure-dependent SXRPD mea-
surement performed up to 14.5 GPa in the small steps of pressures at room temperature.
Figure 7.3(a) displays the SXRPD patterns as a function of pressure. Peaks shift towards a
larger 20 angle as pressure rises, representing the compression of the unit cell characteris-
tics. Across the pressure ramp, neither generation of new peaks nor the splitting in peaks
denied the generation of a new structural phase with pressure. As pressure increases, the
boarding in the peaks can be clearly observed from ambient pressure to high pressure.

The applied pressure does cause increased stress, and this stress results in strained crys-
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tallites in the system and results in broader peaks in SXRPD patterns. SXRPD patterns
were also recorded during decompression to evaluate the structural behaviour with pres-
sure release. A pattern is shown in Fig. 7.3(a) at 2.5 GPa during pressure release. The
same number of peaks and positions demonstrate structural reversibility under pressure at
room temperature. In contrast, other skyrmions host materials have also shown this irre-
versible tendency with pressure [49]. When pressure is applied to a material exhibiting
a skyrmion phase, it can induce changes in the lattice parameters, interatomic distances,
or magnetic interactions, impacting the stability and arrangement of skyrmion structures.
The pressure-induced changes can sometimes lead to a reversible transformation between
different skyrmion phases. PtMnGa system is more relevant than others since pressure
has a negligible effect on its structure, and due to its reversible structural behaviour, it can

be employed for pressure-tuned magnetic spin texturing devices. To study the compres-
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Figure 7.3: (a) Pressure-dependent SXRPD patterns with increasing pressure at room tem-
perature. A pattern was also recorded during pressure release at 2.5 GPa. (b) Lattice pa-
rameters as a function of pressure along the a axis, i.e. in plane and (¢) along the c axis, i.e.
out of plane. The continuous red line represents the linear fitting, and the dotted blue line
represents an extrapolated line, respectively. The slope of the line indicates the unit-cell
parameter reduction rate with pressure. Magenta colour points correspond to the lattice
parameter after pressure release at 2.5 GPa. The error in unit-cell parameters is smaller

than the symbol size used for representation.
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Figure 7.4: (a) Unit-cell volume as a function of pressure. Black dots represent the exper-
imental data. Red and blue solid lines indicate the results of fitted data using B-M EoS
above ~ 6 GPa (“EoS1”) and below the ~6 GPa pressure (“EoS2”) regime. A magenta
colour point corresponds to the volume at 2.5 GPa after pressure release. (b) Reduced
pressure (H) versus Eulerian strain (fz) curve. Inset shows the ¢/a ratio as a function of
pressure.

sion behaviour of the unit-cell parameters and structural phase transition with pressure,
pressure-dependent unit-cell parameters are calculated from the Le Bail refinement (space
group- P63 /mmc) using pressure-dependent SXRPD data. Figures 7.3(b,c) depicts the
pressure dependence of the unit-cell parameters. Unit-cell parameters change smoothly in
low-pressure regimes up to 6 GPa. Linear fit up to 6 GPa shows linear compression be-
haviour of lattice parameters. The extrapolated linear fitted line, however, clearly differs

from the linear behaviour above the 6 GPa pressure (Figs. 7.3(b,c)). Unit-cell parameters
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decrease as the pressure rises with the rate da/dP ~ —0.00646 AGPa~* (in ac plane) and
de/dP ~ —0.02116 AGPa~" (perpendicular to ac plane), respectively. The compression
behaviour of the lattice is not uniform in both (a and ¢) directions, which indicates the
anisotropic compression of PtMnGa hexagonal lattice [52, 68]. After pressure release,
the lattice parameter is also calculated at 2.5 GPa, which lies on the curve and shows the
reversible nature of PtMnGa with pressure. Unit-cell volume (V') decreases with pres-
sure since it is derived from the unit-cell characteristics (a and c), and a noticeable slope
change can be seen in the unit-cell volume with the pressure below and above the 6 GPa
pressure, as illustrated in Fig. 7.4(a). The inset of Fig. 7.4(b) shows a plot of the lattice
parameter ratio (c/a) as a function of pressure. The larger negative slope and departure
from the linear behaviour above 6 GPa are caused by the higher compression rate along
the ¢ axis. The distinct compression rates along the different crystallographic axes are
usually found in the anisotropic crystals because of their weak van der Waals interaction
[68]. As there is neither peak splitting nor the creation of additional peaks with pressure,
the structural parameters (a and c¢), ¢/a, and V' deviate from linearity above 6 GPa, indi-
cating an isostructural phase transition [38, 68—73]. To further study of isostructural phase
transition, a second-order B-M EoS [74, 75] was employed on the volume versus pressure

curve. The B-M EoS is written as below:

(7)) ] o

Here, V' is volume, V reference volume, B; bulk modulus, and B, pressure derivative of

3
1+-(By,—4
+4(2 )

B

bulk modulus [70]. The second-order B-M EoS can be derived by considering B, = 4
in the above equation [76, 77]. It is necessary to use two independent second-order B-M
EoS for the two distinct regimes in the pressure versus volume curve because the data
appears different in different pressure regimes, and considering the entire curve for fitting
using a single EoS could not result in a better fit [78]. Figure 7.4(a) shows the result of
fitting both the low-pressure (below 6 GPa) and high-pressure regimes (above 6 GPa).
The value of the bulk modulus is ~ 135 GPa at the low-pressure regime and ~ 196 GPa at

the high-pressure regime. However, in other skyrmions host materials, a large change in

Krishna Kant Dubey 181



CHAPTER 7. PRESSURE DRIVEN ISO-STRUCTURAL PHASE TRANSITION AND ITS
IMPLICATION ON THE NEEL SKYRMION HOST HEXAGONAL PTMNGA

1 T I T ) I
(a) (b) ——lobs
— lcal
— lobs- lcal
| Bragg's peak position
E = =] T=300 K
T T T
53 54 5.5
~~ [ PP T e e e er e e e
:2 150 K A M A MA ’\_AL
A A A } 1 -
S 160K | AN A AL ’\_.«L '| ]‘ 1 . N N 1
3\' ll:toolli A | M 1. ML
‘7 A M ok .uJ\,«A =
& K ﬁ A ' .A:. ] [© =t
- uil 1| NI ot
= 210K A Y| NN AW
220K 1 M ol st
230 K A AL b o o
240K 1IN 1| b wa
250 K M M M wa
260 K ) n NN W W
270K \ 1| N NNIR
280 K U 1| N I} R
290 K i |. TN W W
300K | UL DU MU MU TN WYY v‘# - +
1 1 —l 1 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 4 6 8 10 12 14

20 (degree) 20 (degree)

Figure 7.5: (a) The Evolution of SXRPD data as a function of the temperature from 150
to 300 K of PtMnGa system. Inset shows the magnified view of the peak shift around
main Bragg’s peak regime. (b) and (c) Le Bail fit of SXRPD data at 300 K [65] and 150
K, respectively. Black dots, red and green solid lines, respectively, show the experimental
data, calculated data and the residue. The blue ticks represent Bragg’s peak positions.

the bulk modulus has been observed with structural change [49]. So, a smaller change in
Bulk modulus (~ 135 to ~ 196 GPa) of PtMnGa evinces the isostructural phase transition
above 6 GPa with pressure [52]. The larger value of the bulk modulus in the high-pressure
regime displays lower compressibility in the high-pressure regime than the low-pressure
regime [52, 70]. For a more accurate analysis of the experimental results, we performed

the linearization of BM-EoS versus the Eulerian strain using Eq. 7.2 [79]:

3B
H =B+~ 2(By = 4)fp (7.2)
. . . 3P 1 Vo2 . o
H is the reduced pressure with H = TRGYETAIEE and fp =3 [(‘4}) 1]. The devia

tion of H from the linear behaviour indicates the presence of phase transition [80]. Figure
7.4(b) shows the H as a function of the fr curve for the hexagonal PtMnGa system. As
pressure increases, the curvature changes at about 3.1 GPa and becomes linear again at

~ 5.99 GPa. The observed curvature of the H versus fz plot from the linear behaviour
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confirms the presence of phase transition in the present hexagonal PtMnGa, which con-

firms as isostructural phase transition ~ 6 GPa.

7.3.3 Temperature dependent structural analysis

To provide valuable insights into the structural behavior with temperature and explore the
possibility of thermodynamically stable skyrmions regime to near room temperature, the
temperature-dependent high-resolution SXRPD data of PtMnGa were measured. Temper-

ature evolution of the SXRPD in the temperature range of 150 to 300 K is shown in Fig.
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Figure 7.6: (a) a/asn i as a function of temperature along the a axis, i.e. in plane. (b)
¢/cs00 i as a function of temperature along the ¢ axis, i.e. out of plane. (¢) Volume as a
function of temperature. The continuous red line represents the linear fitting. The error in
unit-cell parameters is smaller than the symbol size used for representation.
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7.5(a). Data is presented with the offset along the intensity axis for better representation.
As usual, Bragg’s peaks shift towards the higher 20 with the decrease in temperature, as
shown in the inset of Fig. 7.5(a). The absence of additional peaks and peak splitting
with temperature suggest that the crystal symmetry of the PtMnGa system is maintained.
Le Bail refinements of the temperature-dependent SXRPD patterns were performed with
space group P63/mmc, suggesting that the hexagonal crystal structure of PtMnGa remains
unchanged up to 300 K from 150 K. The fit of SXRPD patterns at the highest temper-
ature (300 K) [65] and lowest (150 K) are shown in Figs. 7.5(b,c), respectively. The
calculated in-plane and out of plane (a/aspx and c¢/cspr) lattice parameters and vol-
ume as a function of temperature are shown in Figs. 7.6(a-c), respectively. The lattice
parameter increases with temperature in both the a and ¢ directions. Lattice parameters
and volume show deviation from linearity near the ~ 210 — 220 K, which is also a ther-
modynamically stable skyrmion regime and close to T~ where the magnetization starts
decreasing at ~ 220 K. FM T can be established at higher temperatures with pressure
in PtMnGa system [53]. Comparison of the temperature-dependent (at ambient pressure)
and pressure-dependent (at room temperature) unit cell volume results in that the unit cell
volume at 210 K is approximately the same as the 0.8-1.09 GPa pressure. We conducted
the micromagnetic simulations for 250 K under ambient (0 GPa) and at 0.6 GPa pressure.
Our results showed that skyrmions, which were unstable at 0 GPa (at 250 K), became

stable at 0.6 GPa pressure. This observation aligns with our experimental findings. This
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Figure 7.7: Electronic band structure at different representative pressures of the hexagonal
PtMnGa in both the spin channels (majority and minority). The up and down arrows
represent the spin majority and minority electrons, respectively. The regions where the
red-coloured dotted rectangles highlight the degenerate bands.
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concludes that thermodynamically stable Néel skyrmions can be moved to room tempera-
ture by using 0.8-1.09 GPa external pressure in the PtMnGa system. Similar to the above
hydrostatic pressure (order of GPa), compressive/expansion pressure can also be attained
chemically in a material. For example, when a thin film is deposited on a substrate, internal
stress of the order of (GPa) is gained that mainly results from lattice mismatch or the sub-
strate’s thermal expansion [§1-83] or doping an element into parent materials [84, 85].
So, with mechanical pressure, chemical pressure may also shift the thermodynamically
stable skyrmion to room temperature. Doping a relatively smaller element in place of
the Ga atom in the hexagonal PtMnGa system will create chemical pressure, which may
cause the thermodynamically stable skyrmion to shift to room temperature, which requires
more research. The presence of reversible isostructural phase transition with pressure in
the Néel skyrmions host system is very important in pressure-tuned magnetic spin-texture

device application.

7.3.4 Theoretical analysis of phase transition in PtMnGa

A substantial majority of materials that have the ability to host skyrmions undergo magne-
tostructural phase transitions. These transitions are critical as they adjust the symmetry and
magnetic characteristics of a substance, potentially leading to the formation of a DMI, a
foundational process for skyrmions’ stabilization. Hence, from a theoretical standpoint, it
becomes indispensable to examine the part played by magnetism, or more specifically, the
magnetostructural coupling, in the isostructural phase transition in the hexagonal PtMnGa,
a host of Néel skyrmions, which is driven by pressure as seen in the experiment. Therefore,
our theoretical study is designed to explore the relationship between pressure, electronic
structure, and magnetism. PtMnGa crystallizes in a hexagonal lattice, which exhibits var-
ious high-symmetry paths in the Brillouin zone of a Bravais lattice system. However,
to facilitate comparison, we have specifically plotted the electronic bands along the I'-M
path (shown in Fig. 7.7). In the Brillouin zone, it is apparent that both spin majority and
minority electrons exhibit degenerate eigenvalues at pressures equal to or greater than 6

GPa, as indicated by the red-colour dotted rectangles. This observation contrasts with the
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behavior observed in NiMnGa, where the degeneracy was found below the crossover pres-
sure [52]. One might argue that the observed degeneracy could be attributed to a small
pressure difference of approximately 1 GPa (between 6 and 7 GPa, and 7 and 8 GPa).
However, the degeneracy persists even when the pressure difference is 2 GPa (between 6
and 8 GPa). In contrast, below the crossover pressure, as depicted in Fig. 7.7, the eigen-
values at the marked regions are clearly nondegenerate for pressures of 2.41 and 4.24 GPa,
despite the difference being less than 2 GPa (1.8 GPa). Hence, the theoretical results sug-
gest that electrons in the lattice exhibit distinct behavior at pressures equal to or greater

than 6 GPa compared to those below the crossover. We believe this discrepancy possibly
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Figure 7.8: (a) The density of states at the Fermi level (Fermi energy set to zero) versus
pressure curve for two spin channels. (b) shows the magnetic moment per formula unit.
The red solid lines represent the linear fit.

plays a crucial role in the experimentally observed phase transition. To validate this, we

performed spin-polarized density functional calculations, aiming for greater insights into
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the electronic band structure, magnetic moment, and density of states (DOS) under varied
pressure conditions. The role of the magneto-structural coupling can be understood as the
density of states (DOS) in the minority electron channel changes rapidly up to 6 GPa, while
the DOS in the majority electron case undergoes a smooth change (Fig. 7.8(a)). Above 6
GPa, the DOS at E' is almost constant in both electron channels, which is a consequence
of nearly the same E versus k dispersion above 6 GPa. The physical significance of this
variation is that it indicates a change in the electronic structure (and magnetism) of the
hexagonal PtMnGa system under pressure. The rapid change in the DOS of the minority
electron channel up to 6 GPa suggests a change in the spin polarization of the electrons,
which could be related to the observed phase transition, which is further understood from
Fig. 7.8(b) where it shows magnetic moment slightly increases with the pressure initially
and then decreases. The calculated magnetic moments at different pressures also reveal

an interesting trend, indicating a phase transition at 6 GPa.

7.4 Comparison between isostructural transitions in Mn-

NiGa and PtMnGa

PtMnGa and MnNiGa crystallize in the hexagonal structure from room temperature to
the lower temperature (300 to 10 K). An anomaly in structural parameters with preserved
crystallographic symmetry indicates the presence of isostructural phase transitions. A sim-
ilar anomaly has been observed in lattice parameters of both MnNiGa and PtMnGa when
subjected to pressure at room temperature. Therefore, MnNiGa and PtMnGa undergo
isostructural transition at 4 GPa [52] and 6 GPa, respectively. These materials exhibit dif-
ferent compression rates along their a axis and ¢ axis when subjected to the pressure. The
differences in compression along these axes highlight that, although their overall struc-
tures are the same, their mechanical responses to pressure differ. In MnNiGa, it has been
reported that the lattice parameters under the application of 0.7 GPa pressure at room
temperature are close to the lattice parameters at the ambient pressure and 7" ~ 200K

showing the maximum density of biskyrmions with the application of the magnetic field
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[86], thus indicating the stabilization of the biskyrmions at room temperature by apply-
ing ~ 0.7 GPa pressure [52]. Accordingly, the observed pressure dependence of the unit
cell volume at room temperature in PtMnGa may indicate the thermodynamically stable
skyrmion regime at room temperature under a pressure of 0.8—1.09 GPa with the same
cell volume as observed in the thermodynamically stable skyrmion regime around 210
K under ambient pressure. Despite their structural similarities and isostructural transi-
tion under pressure, MnNiGa and PtMnGa exhibit different types of skyrmion textures.
PtMnGa displays Néel skyrmions, in which spins rotate in a radial plane as they move
from the skyrmion core to the periphery, whereas MnNiGa exhibits biskyrmions, which
are created by two skyrmions of opposite spin helicity. It is important to mention that the
Néel skyrmions are known for the efficient motion under lower current densities, reduced
skyrmion Hall effect, stability at room temperature etc [4, 87, 88]. Thus, both MnNiGa
and PtMnGa systems undergo similar isostructural phase transitions, but exhibit distinct

skyrmion textures, which causes different impacts in spintronics applications.

7.5 Pressure dependent magnetization measurement

Figure 7.9 presents the magnetization of the PtMnGa sample as a function of the magnetic
field at 250 K, near 7T, under both ambient pressure (0.0 GPa) and 0.6 GPa pressure (the
maximum pressure achievable during the experiment). The inset of Fig. 7.9 provides a
zoomed view of the M (H) curve at higher fields. As the pressure increases, the saturation
magnetization also increases, indicating that the ferromagnetic properties are enhanced at
higher pressure. Using this pressure-dependent data, we calculated the energy parameters,
such as the magnetic anisotropy (/K) and the exchange stiffness constant (A.,). These
parameters were then used to simulate the pressure-dependent skyrmions at 250 K using

Object-Oriented Micromagnetic Framework (OOMMTF) software [89].
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Figure 7.9: Field-dependent magnetization (M (H)) data of PtMnGa, measured at 7' =
250 K under 0 GPa and 0.6 GPa pressure. Inset shows the zoomed view of (M (H)) plot
at higher field regime.

7.6 Calculation of magnetic anisotropy and exchange stiff-

ness constant

We utilized the law of approach to saturation (LAS) method to determine the magnetic
anisotropy [90]. In high-field regions, the relationship between magnetization (/) and
the applied magnetic field (H) is typically described by LAS. The magnetic anisotropy
constant (/) values, used to perform micromagnetic simulations, were obtained by fitting
the experimental M (H') data to the LAS model (Eq. 7.3 and Eq. 7.4) [90].

A
M = M, (1 - ﬁ) +H (7.3)

where M, y, and A represent the spontaneous magnetization, high-field susceptibility,
and a constant that depends on the magnetic anisotropy (K) and M, (Eq. 7.4), respectively.

4K*

- 7.4
15072 74

Krishna Kant Dubey 189



CHAPTER 7. PRESSURE DRIVEN ISO-STRUCTURAL PHASE TRANSITION AND ITS
IMPLICATION ON THE NEEL SKYRMION HOST HEXAGONAL PTMNGA

N7 77 Np—r——T—T 71T
a g 4 R
- @ 5 1T LL® i
= P=0 GPa 1= } P=0.6 GPa
= 10f {1 210} i
g g
[0] i ‘u;){ L
Z o} 4 = 0F .
5 | 5 |
g g8 J
S-10} 1 w0} !
= | e 250K = e 250K
20} » .4 20t 5 -
B ——M=My(1-A/H )+H | [ s —— M=M(1-A/H )+ H
_30 L 1 i L " 1 2 1 L L n 1 A 1 n _30 L 1 L 1 M 1 i 1 L 1 P 1 P 1 "
6 -4 2 0 2 4 6 6 4 2 0 2 4 6
H(T) 1D

Figure 7.10: Fitting to the law of approach to saturation of [M(H)] data measured at 250
K (a) under 0 GPa pressure (b) 0.6 GPa pressure.

The calculated K values, derived from fitting the high-field region of the M (H) curves,
are 3.09 x 10° J/m?3 without pressure (0 GPa) and 2.48 x 10° J/m?3 under 0.6 GPa pressure

at 250 K (Figs. 7.10(a,b)).

The value of A., is calculated by first deducing D through fitting the 7°/? dependent
Ms(T)/Ms(0) data to the following equations [91, 92]:

Mg ,
—2 —1-BT?%? :

M, (7-5)

B —2612-948_ (ko (7.6)
P M (0) \ 4D '

2félexg,uB
p = Zledlis 7.7
Mg (7.7)

where Mgs(T'), Ms(0), g, g, and kg represent the spontaneous magnetization at tempera-
ture T, the spontaneous magnetization at 0 K, the Bohr magneton, Lande’s splitting factor,
and the Boltzmann constant, respectively. The fitting shown in Fig. 7.11 gives the value
of B from which we derived the values of the exchange stiffness constant (A.,) using Eq.
7.4 and Eq. 7.5. The values of (A.,) are calculated to be 1.2 x 107!2 J/m and 1.22 x 10~!2

J/m at 250 K, without (0 GPa) and with pressure (0.6 GPa), respectively.
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Figure 7.11: Mg(T)/Ms(0) as a function of the T/ and red line shows the fitted data
at 7 T field.

7.7 Theory of micromagnetic simulation

To perform micromagnetic simulations, the magnetization dynamics are calculated by
solving the time-dependent Landau-Lifshitz-Gilbert (LLG) equation [89, 93, 94]. The
LLG equation is presented below [89].

dM o) dM
E——|’7|MXHeff+MS <M><E> (78)

where, M = magnetization ; M= Saturation magnetization ; H.;;= effective magnetic
field; a =Phenomenological damping parameter, v=Landau-Lifshitz gyromagnetic ratio.

The H. s is given by the following relation [95, 96]:

Heff = _1/(N0M3)(d6total/dM)- (79)

Here, p1( represents permeability in vacuum, and €., is the system’s total magnetic en-

ergy, which is given by Brown’s equation [96-98]:

€rotal = /(Eem + € + €, + g + epyr)dV (7.10)
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The terms e, €4, €., €4, and epys; represent exchange energy, anisotropy energy, Zee-
man energy, demagnetization energy, and Dzyaloshinskii-Moriya interaction (DMI) en-

ergy, respectively. The OOMMEF employs the finite difference method to solve the LLG

equation. This approach necessitates dividing the sample into identical-volume paral-
lelepipeds, referred to as cells. The OOMMF micromagnetic input format (.mif) includes
input parameters and initial conditions for any given problem. Within each cell, physical
properties such as total energy (¢;,;) and magnetization are calculated based on the spec-
ified energy parameters. Magnetization updates in each cell can be performed using two
types of evolvers: the time evolver, which tracks the dynamics of the LLG equation, and
the energy minimization evolver, which finds local energy minima through minimization
techniques. The time evolver, specifically the 4*-order Runge-Kutta evolver, solves the
LLG equation as an ordinary differential equation over time. Control over these evolvers
is managed by two drivers: the time driver for the time evolver and the minimization

driver for the energy minimization evolver.
The topologically protected skyrmion is characterized by an integer known as the topo-
logical charge (Q) [1, 99].

Q= 4i/M- (0. M x 8,M) dzx dy, (7.11)
m

where M is the unit vector in the direction of the magnetization.

7.8 Micromagnetic simulation and determination of topo-
logical charge

We conducted micromagnetic simulations for the present system at 0 and 0.6 GPa pres-
sures and 250 K temperature (given in Fig. 7.12), using the OOMMEF software to investi-
gate the presence of skyrmionic structures [89]. The micromagnetic simulations are per-
formed in the presence of local DMI induced by local symmetry breaking within a global

centrosymmetric structure, utilizing the DMI extension module [65, 100]. The small value
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T=250K, P= 0GPa, H= 0.25T T=250K, P= 0.6GPa, H= 0.25T

Q:-0.81 Q:-0.86

Figure 7.12: Micromagnetic simulation results for (a) 0 GPa, 250 K and 0.25 T (b) 0 GPa,
250 K and 0.25 T (¢) and (d) calculation of topological charge.

of DMI of about 0.65 mJ/m? is taken as a local DMI [101, 102]. The simulations were
conducted over an area of 300 x 300 x 2 nm?, divided into cells of 2x 2 x 1 nm?3. The simula-
tion result at 0 GPa pressure is represented in Fig. 7.12(a), showing the non-coplanar spin
structure, which is not the stable skyrmion, while multiple Néel skyrmions are found to be
stabilized at 0.6 GPa pressure (at 0.25 T field), as shown in Fig. 7.12(b). As the magnetic
field increases further, the field-polarized states start appearing (not shown here). The
topological charge (@) associated with the simulated skyrmion is calculated by using a
Python library [103]. The calculated values of () are -0.81 at 0 GPa pressure and -0.86 at
0.6 GPa pressure (Figs. 7.12(c,d)). Generally, the topological charge () takes an integer
charge only in a continuous and infinitely large system without a boundary. As present
system has an underlying lattice structure and a finite size, the topological charge () is not
quantized, but the value of () at 0.6 GPa pressure close to 1 (-0.86), which is acceptable

with the boundary condition [104, 105]. This observation suggests that applying exter-
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nal pressure can establish the skyrmions at higher temperatures, and a suitable pressure
can shift the thermodynamically stable skyrmions regime to near room temperature in the

PtMnGa system.

7.9 Comparison of lattice parameters at pressures with

room temperature

A comparison of lattice parameters, where lattice parameters are calculated using temperature-
dependent XRD (at ambient pressure) and pressure-dependent XRD (at room tempera-
ture), is shown in table 7.1. It can be seen from the table that the lattice parameters at
210 K (in thermodynamic stable skyrmions regime) are approximately the same as the
lattice parameters at ~ 1.09 GPa pressure. It suggests that the thermodynamically stable
skyrmions regime can be moved to room temperature by application of the ~ 1.09 GPa

pressure.

Table 7.1: Comparison of temperature and pressure dependent lattice parameters (a and
¢) of hexagonal PtMnGa.

Temperature || Lattice Pressure Lattice

(K) Parameters | (GPa) Parameters
(A) (A)

300 a=4.3321(5) | ambient(0.0)| a=4.3329(4)
¢=5.5835(9) ¢=5.5839(5)

250 a=4.3303(5) | 0.96 a=4.3300(2)
¢=5.5770(8) c=5.5672(4)

210 a=4.3288(5) | 1.09 a=4.3287(8)
c= c=5.5643(4)
5.5695(8)

180 a=4.3278(2)| 1.33 a=4.3276(9)
¢=5.5645(5) c=5.5571(6)

7.10 Conclusion

In conclusion, we performed the room-temperature pressure-dependent SXRPD on the

Néel skyrmions host hexagonal PtMnGa system. The crystal structure remains preserved
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in the whole applied pressure range (up to 14.5 GPa). Different linear compression rate of
the in plane and out of plane lattice parameters was observed. The significant linear devi-
ation in the lattice parameters and their ratio with pressure, along with consistent crystal
symmetry (in the long-range order) across the entire pressure range, indicate an isostruc-
tural phase transition at approximately 6 GPa. Evidence for the isostructural phase tran-
sition is further confirmed by the implication of two distinct B-M EoS on the variation of
the pressure-unit-cell volume curve. Theoretical calculations on band structure, magnetic
moment, and density of states with pressure corroborate the experimental findings. We
compared the pressure-dependent (at room temperature) with the temperature-dependent
unit-cell volume (at ambient pressure). The unit-cell volume at 210 K (in the thermody-
namically stable skyrmions regime) is nearly equal to that at 0.8-1.09 GPa pressure and
room temperature. Our findings demonstrate the potential for pressure-tuning thermody-
namically stable skyrmions near room temperature in the PtMnGa system. This suggests
designing materials with stable skyrmions at higher temperatures and moderate pressures.
The results provide a new pathway for future exploration of skyrmion stability through
pressure tuning in similar systems. This work has significant implications for advancing

the field of skyrmion research.
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