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In a magnetic skyrmion phase, magnetic moments form vortex-like topological textures which are of both fundamental
and industrial interest. In B-Mn-type Co—Zn—Mn alloys, chiral magnetic skyrmions emerge above room temperature,
providing a unique system for studying the skyrmion physics and exploring spintronics applications. However, the magnetic
skyrmion phase is typically confined in a narrow and limited temperature (7') and magnetic field (H) range. Here, we
demonstrate that quasihydrostatic pressure can expand the skyrmion phase in the 7—H phase diagram of single-crystalline
CogZngMn,. At ambient pressure, signatures of skyrmions are seen within 7' ~ 302 K-308 K and H ~ 50 Oe-100 Oe
(1 0e=79.5775 A-m~"). Applying a moderate pressure of 6 kbar (1 bar=10° Pa) extends this range to 7' ~ 300 K-310 K
and H ~ 50 Oe-150 Oe. However, further escalation of pressure to 10 kbar results in a slight contraction of the skyrmion
phase. These findings underscore the sensitivity of the skyrmion phase in CogZngMny to external pressures, and hint at the
potential of strain engineering, particularly in f-Mn-type Co—Zn—Mn thin films, as a promising avenue to customize the

skyrmion phase.

Keywords: magnetic skyrmions, Dzyaloshinskii-Moriya (DM) interaction, CoZnMn, pressure
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1. Introduction

Magnetic skyrmions, distinguished by their unique
vortex-like spin configurations carrying integer topological
charges, have become a forefront in the study of condensed
matter physics and material science.!!! The nontrivial spin
textures of skyrmions are fascinating both from a funda-
mental physics perspective and for their potential techno-
logical applications. Fundamentally, magnetic skyrmions
can arise through diverse mechanisms, such as the in-
terplay between ferromagnetic exchange, Dzyaloshinskii—
Moriya (DM), Ruderman—Kittel-Kasuya—Yosida (RKKY),
and magnetic dipolar interactions.!>””) From a technological
standpoint, skyrmions stand out for their emergent electro-
magnetic properties and the ability to be manipulated with low
current densities, making them highly efficient for advanced
spintronics applications. 310!

In bulk materials, magnetic skyrmions are commonly ob-
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served in chiral magnets, such as metallic B20 compounds
(MnSi, Fe;_Co,Si, FeGe) and insulating Cu,0Se03.[%311:12]
In these non-centrosymmetric compounds, a helimagnetic
state is typically formed below a certain magnetic Curie tem-
perature (7;) due to the competition between DM and ferro-
magnetic exchange interactions. In the presence of magnetic
fields, a skyrmion crystal (SkX) phase emerges in the vicin-
ity of T.. However, the T values of the aforementioned chi-
ral magnets lie below room temperature, limiting the appli-
cations of skyrmions. Interestingly, this limitation is over-
come in another type of chiral magnets, i.e., the B-Mn-type
CoyZnyMn,; (x +y+z = 20) alloys.[!31 The Curie temper-
atures of Co,ZnyMn, depend strongly on compositions and
T. > 300 K can be realized when z < 4.131 Above room tem-
perature, skyrmion lattices have been observed in a series of
Connyan.m‘lg] Like the B20 compounds, the SkX phase
in Co,ZnyMn, is typically confined in a narrow temperature
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(T') and magnetic field (H) region near T, as a result of the in-
terplay between long-range magnetic interactions and thermal
fluctuations.!!3-18 A goal in the study of skyrmions in bulk
chiral magnets is to expand the temperature and magnetic field
window which supports the SkX phase.

It has been found that long-lived metastable skyrmions in
Co,ZnyMn; can survive in a wide temperature range well be-
low T¢, achieved via the assistance of magnetic frustrations,

[14.18-201 T addition, pres-

disorders, or field-trained cooling.
sure or strain is another effective tuning parameter in ma-
nipulating crystal structure, magnetic interactions, and mag-
netic phases. It has been theoretically suggested that uni-
axial anisotropy induced by uniaxial strain can stabilize the
skyrmion phase of MnSi, FeGe, and Fe;_,Co,Si in a broad
temperature and magnetic field range.”!! Indeed, as found ex-
perimentally, the skyrmion phase in MnSi can be easily con-
trolled by quasihydrostatic pressure,!*?! uniaxial pressure, 3!
and uniaxial stress.**! Applying a moderate strain®>! or
quasihydrostatic pressure/?®! to Cu,0SeOs significantly en-
larges the skyrmion pocket spanned in the 7-H phase dia-
gram. Pressure control of the skyrmion phase in Co,ZnyMn,
alloys is, however, yet to be investigated.

In this article, we study the effects of quasihydro-
static pressure on the skyrmion phase in single crystals of
COng‘lgMn4.
found to exist within about 5 K just below 7. This temper-

At ambient pressure, the skyrmion phase is

ature window is almost doubled under a moderate pressure of
6 kbar. The magnetic field range of the skyrmion pocket is
also enlarged under pressure. Pressure is thus a sensitive tun-
ing knob in controlling the skyrmion phase in CogZngMny.

2. Experimental methods

Single crystals of CogZngMny were grown using the
Bridgman method.?’! A precursor CoyZnyMn,; (x+y+z=
20) was first synthesized via a solid-state reaction. Pure Co
(99.99%), Zn (99.99%), and Mn (99.99%) grains were mixed
in a quartz tube, which was then sealed in a vacuum environ-
ment. The mixture was heated to 1000 °C and kept at this tem-
perature for 24 h. It was then slowly cooled down to 925 °C
at a rate of 1 °C/h, followed by water quenching. Then the
product was ground thoroughly in an agate mortar, and the
precursor complexes of CogZngMny were obtained. Finally,
we used these precursor complexes according to the method
described in Ref. [28] to grow single crystals of CogZngMny.

The composition of the as-prepared single crystals was
determined by energy-dispersive x-ray spectroscopy (EDX).
Both powder x-ray diffraction and single-crystal x-ray diffrac-
tion (XRD) measurements were performed on a Malvern Pan-
alytical EMPYREAN SERIES 3 diffractometer, and the latter
was carried out on a large piece of CogZngMny single crys-
tal (4.20 mm x2.5 mmx0.25 mm). Single-crystal neutron

diffraction experiments were carried out on a four-circle neu-
tron diffractometer in the Chinese Advanced Research Reac-
tor. An incident beam with a wavelength of 0.9085 A was
used, selected by a vertically focusing Cu (220) monochroma-
tor crystal.

DC magnetization and ac magnetic susceptibility of
CogZngMny, samples were measured in a superconducting
quantum interference device magnetometer (MPMS-3, Quan-
tum Design). For the ac magnetic susceptibility experiments,
an excitation amplitude of 1 Oe and a frequency of 10 Hz
were used. DC magnetization under pressure was measured
in the magnetic properties measurement system (MPMS-3,
Quantum Design) using a miniature piston pressure cell with
Daphne 7373 as the pressure transmitting medium, and Sn was
loaded into a Teflon capsule along with the sample. The ap-
plied pressure at low temperatures was determined by moni-
toring the pressure-dependent superconducting transition tem-
perature of Sn. The corresponding pressure at room temper-
ature was estimated by adding a constant of 1.6 kbar to the
pressure obtained at low temperatures, as the pressure differ-
ence for the pressure-transmitting medium Daphne 7373 be-
tween 300 K and 4.2 K is consistently between 1.5 kbar and
1.7 kbar.!?®! We note that although Daphne 7373 remains lig-
uid up to about 30 kbar at room temperature, 3% pressure in-
homogeneity inevitably exists (approximately 5% at 13.4 kbar
and 300 K).3!l Therefore, only quasihydrostatic conditions
were achieved in the temperature and pressure ranges studied
here. For all field-dependent measurements, the external mag-
netic field was consistently applied along the [110] crystalline
direction on the same crystal, with the field swept upwards.

The magnetostriction coefficient of a CogZngMn, single
crystal was measured using a composite magnetoelectric (ME)
method.3>33] The CogZngMn, sample was mechanically
bonded to a piezoelectric PMN-PT [0.7Pb(Mg; ;3Nb,3)O3~
0.3PbTiO3] transducer using silver epoxy. The PMN-PT is a
[001]-cut thin plate with a thickness of 0.2 mm. In a magnetic
field, the magnetostrictive length deformation of CogZngMny
is transferred to PMN-PT, generating an electronic voltage via
the piezoelectric effect. The recorded ME voltage coefficient
ove can be formulated as

o = kg < M)
where 0 < k < 1 is a strain transmission constant between
the mechanically bonded CogZngMny sample and PMN-PT,
A is the magnetostriction, dA/dH is the magnetostriction co-
efficient, and dE/dA is the piezoelectric coefficient. Dur-
ing the experiments, a small ac magnetic field was superim-
posed on a DC magnetic field, giving rise to an ac ME signal
OoME = O+ 10y, [see Fig. 3]. The ac magnetic field was gener-

ated by a homemade Helmholtz coil. An excitation amplitude
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of 1 Oe and a frequency of 422 Hz were used for the ac mag-
netostriction measurements. The ac ME data were collected
using the lock-in technique.

3. Results and discussion

B-Mn-type Co,Zn,Mn; (x+y + z = 20) alloys crystal-
lize in a cubic structure belonging to the chiral space group
P432 [see Fig. 1(b) inset] or P4332.12734 These two types of
space group host different chiralities and can be interchanged
by a mirror operation. There are two different Wyckoff sites
(8¢ and 12d) occupied by 20 atoms in each unit cell. The Co
atoms are coordinated at the 8c sites, and the Zn/Mn atoms
are located at the 124 sites.[13-18:3] Figure 1(a) shows the x-
ray diffraction data obtained on CogZngMny4 powders. The
observed data can be well described by the §-Mn cubic chi-

ral structure. The refined lattice constants give a = b = ¢ =
6.3617 A, agreeing well with previous reports.!”) Detailed
structure parameters are listed in Table 1. It is seen that mi-
nor Mn atoms also enter the 8c sites, which typically hap-
pens in Co,Zn,Mn, compounds with z > 4.1 In Fig. 1(b),
x-ray diffraction patterns captured from a typical CogZngMny
single crystal are shown. Two sharp peaks can be nicely in-
dexed by (2,2,1) and (4,4,2), respectively. The quality of
the CogZngMny sample is further checked by single-crystal
neutron diffraction, as displayed in Figs. 1(c)-1(f). Rocking
curves near four typical Bragg peaks are nicely resolved and
both peaks show a very narrow full width at half maximum
(FWHM) about 0.16 degrees, in good agreement with the re-
ported data.!'”] All these results point to the high quality of the
single crystal.

Table 1. The structure parameters of CogZngMny extracted from powder x-ray diffraction data measured at room temperature. The space
group is P4;32,a=b=c=6.3788 A, R, = 133.0, Ry, = 45.0, Re = 35.5, GOF = 21.463.

Atom Wyckoff X z Biso. Occ.
Co(1) 8c 0.06618 0.06618 0.06618 0.43207 0.3333
Zn(1) 8c 0.06618 0.06618 0.06618 0.43207 0
Mn(1) 8c 0.06618 0.06618 0.06618 0.43207 0
Co(2) 12d 0.125 0.20106 0.45106 0.96504 0
Zn(2) 12d 0.125 0.20106 0.45106 0.96504 0.33333
Mn(2) 12d 0.125 0.20106 0.45106 0.96504 0.16666
4000 M8 120 122 124 126 _126 128 130 132 g
4000 |
— L (a) © 2:180 — k(c) - (2.21) (e) = . (3,1,0)
= 3000 — g 32001 . Smm — Gaussian fit —  Gaussian fit | 2000
= i obs-cale = - ]Ofg“l i FWHM = 0.17(0 FWHM = 0.16(4
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s L 5 2400 Hool] ) 1500
= 1000~ CogZngMn, = L [110]
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Fig. 1. (a) Powder x-ray diffraction pattern of the as-prepared CogZngMny samples. Red circles are experimental observations. The black line is calculated
diffraction data. The differences between experimental results and calculated data are presented in the blue curve. Bragg peaks are marked out by green
vertical lines. (b) Single-crystal x-ray diffraction results of a CogZngMny sample. The inset in panel (b) shows the crystal structure of 3-Mn-type Co,ZnyMn,
alloys. (c)—(f) Rocking curves near four Bragg peaks measured using single-crystal neutron diffraction. The full width at half maximum (FWHM) of each
peak is estimated by fitting the corresponding peak to a Gaussian profile (red line). A photograph of a typical CogZngMny single crystal is shown in the inset

in panel (c).

Figure 2 shows DC magnetization data of a CogZngMny
In a weak magnetic field (H = 20 Oe), a
clear ferromagnetic-like transition is seen at 7, = 309 K in the

single crystal.

temperature-dependent magnetization experiments [Fig. 2(a)].
The transition temperature is slightly higher than that (7; ~

300 K) reported in other studies.!!>1%1°] This minor difference
is likely caused by slight variations in compositions, since T¢ is
sensitive to the Mn concentration.[!31416:18] T zero field and
below 7;, CogZngMny enters a helical magnetic state with a
periodicity of A ~ 125 nm.['3!"] Below T, the temperature
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dependence of magnetization deviates from a typical ferro-
magnet, especially at low temperatures. Below about 150 K,
the magnetization decreases gradually with cooling, both in
zero-field-cooled (ZFC) and field-cooled (FC) measurements.
In addition, a sharp drop is seen in ZFC data below T; ~ 20 K.
The transition occurring at 7, is caused by a re-entrant spin-
glass transition, which is commonly observed in Co,Zn,Mn,
for 3 < z < 19.1141618] 1t hag been suggested that Co mo-
ments order magnetically below 7., while Mn moments re-
main fluctuating with cooling until 7, below which a spin-
glass state is formed.[!%!7] In Fig. 2(b), the magnetization near
T is plotted as a function of magnetic field (H || [110]). Be-

05 ,
(@ H=200¢ H||[110] !T.=309K
04} !
:i 1
&
C 03
[}
o
m
202
=
0.1
0 " 1 " 1 " 1 " 1 " 1 " 1
0 50 100 150 200 250 300 350 400
T (K)
I 300K
07 ®) 302K
304K
0.6 306 K
505
o 312K
5 04 314K
2 316K
2 03 318K
3 320K
= 02
H[|[110
o1 [I[110]
O 1 1 1 1
0 500 1000 1500 2000 2500

H (Oe)

low T, the magnetization rises rapidly with increasing mag-
netic field and becomes saturated above about 150 Oe. In the
saturated region, magnetic moments are ferromagnetically po-
larized though the magnetization further increases slightly in
higher fields. Slightly above T;, nonlinear M(H) curves are
also seen, suggesting sizable spin fluctuations. As shown in
Fig. 2(a), the onset of the spin—spin correlation starts already
below 330 K. And linear M(H) is almost restored at 320 K
[Fig. 2(b)]. Note that signatures of skyrmions are masked by
the rapid variations of magnetization in small magnetic fields.
Transitions between different magnetic phases are seen more
clearly in the derivative form dM/dH, as shown later in Fig. 4.

H]|[110]

X' (emu-Oe~1)

300K
.

X" (emu-Oe~1)
(=)}
(

2F 312K

s
320K

0 1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400

H (Oe)

Fig. 2. (a) Temperature dependence of magnetization measured in a small dc magnetic field (H = 20 Oe) applied along the [110] direction. Both
zero-field-cooled (ZFC) and field-cooled (FC) data reveals a ferromagnetic-like transition at 7, = 309 K. A re-entrant spin-glass transition occurs at
Ty ~ 20 K as seen in the ZFC data. (b) Magnetization as a function of magnetic field recorded at selected temperatures near 7c. (c) and (d) Real 69
and imaginary y” parts of the ac susceptibility, respectively. Curves have been shifted vertically for clarity. Green (Hyp), black (H}), red (H>), and dark
red ((H3)) lines mark the field boundaries between different magnetic phases. The skyrmion phase only exists between H; and H,.

To access the skyrmion phase, we present ac susceptibil-
ity x = x’'+1ix” in Figs. 2(c) and 2(d). Between 302 K and
306 K, a clear dip is seen around 50 Oe in both the real (}')
and imaginary (") parts of ac susceptibility. This dip struc-
ture, commonly observed in skyrmion hosts B20 compounds
and Cu,0Se03,1123%371 i5 a characteristic thermodynamic sig-
nature of skyrmion lattice in CogZngMny.[13! The magnetic
fields H; and H, mark the lower and upper boundaries of the
skyrmion pocket. As found by earlier reports, the skyrmion
phase is sandwiched by conical states.!!31416:18] The H| and
H, are thus critical fields differentiating the skyrmion and con-
ical phases. The transition between the zero-field helimagnetic
and conical states happens at a lower field Hy, below which y’

depends weakly on H. In the vicinity of a higher magnetic

field Hs, )’ drops rapidly and a polarized ferromagnetic state
is achieved above Hj.

In addition to the ac magnetic susceptibility, the ac
ME coefficient, which is proportional to magnetostric-
tion, is another thermodynamic probe for sensing the
skyrmion phase. 323338391 Distinct magnetostrictive features
have been observed in the skyrmion phase of MnSi[*>*°! and
Co7ZngMns.?3 Figures 3(a) and 3(b) show the ac ME coef-
ficient results of CogZngMny. At temperatures above T¢, both
the real (@) and imaginary (o) components of the ac ME co-
efficient vary smoothly with magnetic field. At 308 K, just
below T¢, a kink in o, and a peak in o, are observed at Hy,
indicating the transition from the helical to conical phase. At a
slightly higher magnetic field H;, a broad maximum in o, and
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a clear dip in oy, mark the transition between the conical and
skyrmion phases. Upon further cooling, these features at Hy
and H| become more pronounced [see Fig. 3(d)]. Near H;, o
rises steeply while o, becomes nearly field-independent, indi-
cating the transition from the conical to ferromagnetic state,
Below 302 K,
signatures of the skyrmion phase gradually fade, consistent
with the ac susceptibility data. In Figs. 3(c) and 3(d), the
results obtained by dc magnetization, ac susceptibility, and

visualized as a broad peak in o, near Hi.

ac ME coefficient are directly compared. It is seen that the
skyrmion phase is consistently observed in all three thermo-
dynamic probes. The critical magnetic fields associated with
various magnetic transitions are also nicely identified.

The magnetostriction coefficient dA(H)/dH is directly
proportional to the product of the magnetization (S7) and
the spin-spin correlation (S; - S;) via the magnetoelastic cou-
pling D(i, ): dA(H)/dH ~ Ty D(i, j)(SiSi - S}, mak-

(40,41

ing it highly sensitive to spin fluctuations. I' As shown in

Fig. 3(e), ¢, is vanishingly small well above T. in the para-

magnetic phase. Upon cooling below 330 K, o, rises rapidly,
peaking at T* ~ 312 K due to the development of spin fluctua-
tions. In zero magnetic field, o, also diverges as it approaches
T*, though with significantly smaller amplitudes compared to
those in non-zero magnetic fields. The peak in ¢, at T sig-
nifies the crossover between the paramagnetic state and the
disordered fluctuating phase, characterized by short-range cor-
relations, as found in MnSi.[32421 Below T*, the establishment
of short-range correlations suppresses spin fluctuations, lead-
ing to a rapid decrease in ¢,.. Below T¢, the onset of long-range
order further suppresses spin fluctuations and . It is note-
worthy that o, changes slope at 7 [see the inset in Fig. 3(e)].
A dip appears in @, below T; in small magnetic fields, indi-
cating transitions between different ordered states. Note that
the disordered fluctuating region between T and T* is not re-
solved in magnetization measurements [see Fig. 2(a)]. The su-
perior sensitivity to spin fluctuations makes the magnetostric-
tion coefficient a prominent probe for tracking complex mag-

netic transitions.

18 [_{(){11 HZHS % T I
@ A0 pfLA CIRCE T
3 S 3 5|
: N g f HI||[110] 304 K g \ S
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Fig. 3. (a) and (b) Real () and imaginary o, parts of the ac ME coefficient measured near Tc. Curves have been shifted vertically for clarity.
() and (d) Comparison of dc magnetization, ac susceptibility and ac ME coefficient recorded at 304 K. The x”, o, and dM/dH lines are
multiplied by 50, 30, and 1/25 for better visualization. (e) Temperature-dependent ac ME coefficient measured near 7;.. The inset in panel (e)
shows the temperature derivative of ¢, recorded in 100 Oe. (f) T—H phase diagram CogZngMn4 obtained using ac susceptibility (solid symbols)
and ac ME coefficient (open symbols) results. In addition to the commonly reported helical (H), conical (C), skyrmion (Sk), and polarized
ferromagnetic (F) ordered states, a disordered fluctuating (DF) region is seen between the magnetic ordered and paramagnetic (PM) phases.

Based on the ac susceptibility and ac ME data, the phase
diagram of CogZngMny single crystals measured at ambient
pressure is mapped out in Fig. 3(e). Similar phase diagrams

s 131416181 11y 7arg

are commonly seen in Co,Zn,Mn, alloy
magnetic field, a helical (H) magnetic state is formed below
T. = 309 K. In the magnetically ordered state just below T,
applying a magnetic field between H; and H; drives the sys-
tem into a skyrmion phase. Clearly, the skyrmion (Sk) pocket
is confined in a narrow region sandwiched by a conical (C)

phase in the T-H phase diagram. Moderate magnetic fields

above Hj3 drive the system into a polarized ferromagnetic (FM)
state. In addition, a disordered fluctuating (DF) region is found
between the magnetic ordered state and paramagnetic (PM)
state.

Now we explore the effects of quasihydrostatic pressure
on the skyrmion phase of CogZngMny. DC magnetization
measured under different pressures is shown in Figs. 4(a)—4(c).
At ambient pressure (Fy), the skyrmion phase is manifested as
a dip in dM/dH within T ~ 302 K-306 K and H ~ 50 Oe—

100 Oe, as also found in ac susceptibility. By applying a mod-
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erate pressure of P; = 6.1 kbar, as presented in Fig. 4(b), the
dip feature in dM/dH appears already at 310 K and persists
down to 300 K. The absolute height of the dip structure is
also enhanced compared to that in Fy. Moreover, both the
lower (H;) and upper (H>) magnetic field boundaries of the
skyrmion phase are clearly increased. This trend persists to a
higher pressure P, = 9.6 kbar as shown in Fig. 4(c). Note that
compared with Py, the upper temperature limit in P, is slightly
reduced back to 308 K. Figure 4(d) summarizes the phase di-
agram occupied by the skyrmion pocket under different pres-
sures. Clearly, the area covered by the skyrmion phase in the
T-H phase diagram is significantly enlarged under pressure.
Under the pressure of Pj, the absolute size of the skyrmion

(a) P, = ambient pressure
—~10}300K
7 i 5 Hi|[110]

o s
Q 83 ?
INE iy

56} f P

308 K H
S '
§ S -‘-\\'\M
T PR — T

0 320 K L L L L L L
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Q
3
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el
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pocket is more than twice that at ambient pressure (Pp). It has
been shown that the skyrmion phase of CogZngMn, forms a
triangular equilibrium lattice at ambient pressure.!'38191 Qur
observation rules out possibilities of other topological spin
textures such as magnetic meron or magnetic bubble. Mag-
netic meron is considered to locate between helical phase and
skyrmion phase, 3] thus a pressure-induced magnetic meron
Magnetic bubbles
hold magnetic domains and own different energy scales than

would present at lower field below Hj.

skyrmion, #*! thus, a pressure-induced bubble phase would
monotonically evolve with increasing pressure. Furthermore,
the spatial organization of skyrmions formed under pressure
remains to be explored.

(b) H, H, P,=6.1kbar
6 H||[110]
o 5|300K
O 302K
2 4t
é 304 K
= 3306k
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= Bosk '
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Fig. 4. (a)—(c) The dc magnetization of a CogZngMny single crystal measured under different pressures. Curves have been shifted vertically
for clarity. (d) Comparison of the skyrmion phase captured under different pressures. The skyrmion pocket is clearly enlarged under pressure.

Pressure-tuned expansion of the skyrmion phase has been
previously observed in bulk MnSi,?>24 Cu,0Se05.122:20]
Since the skyrmion phase emerges near 7., the free en-
ergy of the system can thus be described by the Ginzburg—
Landau approach:?>2%1 FIM] = AM? +J(VM)? + DM -
(Vx M)+ (U+K)M*—uoH - M, where the magnetization
M is the order parameter, A is a temperature-dependent con-
stant controlling T, J represents the ferromagnetic exchange
interactions, D is the DM interaction, U describes the mode-
mode interactions, and K accounts for magnetic anisotropy.
Applying pressure tunes the parameters J, D, and K, which in
turn manipulates the size of the skyrmion phase. Although rel-
atively small compared to the exchange and DM interactions,
magnetic anisotropy plays an essential role in stabilizing the
skyrmion phase in Cu,0Se03,*471 B-Mn-type Co,ZnyMn,

19,48,49

compounds, ! I and multilayer structures.’%%1 Based

on the Ginzburg-Landau analysis, Levati’c et al. demon-

strated that the skyrmion phase is most sensitive to varia-
tions in K among the pressure-tuned parameters.'*®! A mod-
erate increase in K significantly enlarges the skyrmion phase
in Cup0Se03,2%! while modulation of the DM interaction of-
ten leads to large deformations of the skyrmion lattice, as ob-

1331 Consequently, it is now widely

served in FeGe thin plates.
accepted that pressure- or strain-induced changes in magnetic
anisotropy, though small, play a crucial role in expanding the

e.[21-26] Tn the case of CogZngMna, pressure-

skyrmion phas
tuned magnetic anisotropy is likely the key factor respon-
sible for the expansion of the skyrmion phase under mod-
erate pressure. In addition, magnetic fluctuations also play
important roles in stabilizing the skyrmion phase, as found
in Co7Zn7Mng.?% Under 6.1 kbar, the skyrmion phase of
CogZngMny extends up to about 310 K, slightly above the 7;
at ambient pressure. Stabilization of short-range correlations

in the DF region under pressure may also contribute to the
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pressure-induced extension of the skyrmion pocket.

Note that pressure-induced structural changes can signifi-
cantly enhance the skyrmion phase, as observed in Cu; OSeO3
at high pressures of 420 kbar.*) However, at moderate pres-
sures, such as those in our study (below 10 kbar), signif-
icant pressure-induced structural changes are not expected.
Nevertheless, pressure inhomogeneities and local strains may
still occur, potentially leading to enhanced stability of the
skyrmion phase.[?>3! The effects of pressure inhomogeneities
or local strain on the skyrmion phase can become signifi-
cant, particularly when the pressure-transmitting medium is in
its solid phase.[®> For example, Levati’c et al. reported pro-
nounced pressure-induced enlargement of the skyrmion phase
in Cup0SeOs3 using the pressure-transmitting medium Daphne
7373 in its solid state.’®! In contrast, negligible pressure-
tuning effects on the skyrmion phase in Cu,OSeO3; were ob-
served by Crisanti et al. using liquid helium as the pressure-

[55

transmitting medium.>> Even in the liquid phase of helium,

applied pressure imposed directional stress, slightly modulat-
ing the domain population of Cu,0Se03.>]

In our study, using Daphne 7373 as the pressure-
transmitting medium, pressure inhomogeneity of approxi-
mately 5% may arise at 13.4 kbar, [*!1 well below the solidifica-
tion pressure (about 30 kbar[31). After solidification, pressure
inhomogeneities can increase up to 30%.2!1 Although the ef-
fects of pressure inhomogeneities on the skyrmion phase of
CogZngMny cannot be completely ruled out, we believe they
play a subdominant role for the following reasons: (i) Since
Daphne 7373 remains in its liquid phase within the temper-
ature and pressure range studied here, moderate pressure in-
homogeneities of a few percent are unlikely to significantly
impact the skyrmion pocket, as also found in Cu,OSeQs;>?!
(i) Higher pressure inhomogeneity would be expected at
9.6 kbar compared to 6.1 kbar, yet the skyrmion phase shrinks
in the former case. The effect of pressure inhomogeneity or
directional strain on CogZngMny could lead to slight differ-
ences in stress on transverse and longitudinal directions, sim-
ilar to the study of MnSi, [24] or weaker modulation on D re-
lating to the complex near-EF electronic bands of CogZngMny
compared to the modulation by strain on FeGe,®!! thus result-
ing in a weak shrinkage of its skyrmion pocket. On the other
hand, if the remarkable enlargement of the skyrmion pocket
in CogZngMny is indeed induced by such moderate pressure
inhomogeneities or directional strain, it would be promising
to explore strain-tuning of the skyrmion phase. This opens up
exciting possibilities for developing skyrmion-based devices
using CogZngMny thin films. We also note that magnetic frus-
trations or disorders can induce metastable skyrmion phases
in Co,ZnyMn,.!"*18] While magnetic frustrations or disorders
are mostly arising from Mn atoms located on the 124 sites,
giving rise to metastable skyrmion phases at low tempera-

tures. The pressure-expanded skyrmion pocket near 7; found
in CogZngMny is thus unlikely caused by magnetic frustra-
tions or disorders.

4. Conclusions

In summary, we have studied the evolution of the
skyrmion phase in CogZngMny under quasihydrostatic pres-
sure. It is found that the size of the skyrmion pocket on the 7—
H phase diagram is considerably enlarged under a moderate
pressure of about 10 kbar. Although pressure inhomogeneities
may exist, the enhanced stability of the skyrmion phase is
likely caused by pressure-driven enhancement of magnetic
anisotropy. It would be interesting to further manipulate the
skyrmion phase using strain engineering on Co,Zn,Mn; thin
films or by even higher pressure or doping to change the crys-
tal structure of bulk Co,Zny,Mn, compounds.
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