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Magnetic anisotropy is a fundamental property of magnetic materials that plays an essential role in
the stability of magnetic domains and skyrmions. In this ferromagnetic resonance study we report
the evolution of magnetic anisotropy by substituting various 4d metals in the antiskyrmion host
(Fe,Ni)3P with Sy tetragonal symmetry. In the undoped compound (Feo.63Nig.37)sP and in the Ru-
doped (Feg.50Nig.32Ru0.09)3P the uniaxial magnetic anisotropy has an easy-plane character, while
Pd-doping turns the material to an easy-axis type magnet, as observed in (Feg.62Nio.29Pdo.09)3P. In
addition to the dominant uniaxial anisotropy, we also quantify the fourfold anisotropy of the plane
perpendicular to the tetragonal axis in (Feg.63Nig.30Pdo.07)sP. Using analytical calculations and
micromagnetic simulations, we discuss how this planar anisotropy competes with the anisotropic
Dzyaloshinskii-Moriya interaction in determining the orientation of the magnetic stripes and the

antiskyrmions.

I. INTRODUCTION

During the last decade, extensive experimental and
theoretical studies of several skyrmion-host materi-
als revealed the important role of magnetocrystalline
anisotropy in the formation and stability of the skyrmion-
lattice (SkL). In general, SKL phases are observed in non-
centrosymmetric magnetic crystals, where due to the lack
of inversion symmetry the Dzyaloshinskii-Moriya inter-
action (DMI) [1, 2] gives rise to spin canting resulting
in spiral spin structures. Upon application of an exter-
nal magnetic field, these spiral structures transform into
a SkL, which exists in a certain field and temperature
range, before it undergoes further metamagnetic transi-
tions to the ferromagnetically (FM) polarized state at
higher fields.

Recently, the role of magnetic anisotropy has been
studied in various skyrmion hosts. In cubic chiral
magnets like MnSi, a Bloch—type hexagonal SkL arises
from the zero—field helical spin structure within a small
temperature range just below the ordering tempera-
ture. The SkL aligns with the skyrmion axes par-
allel to the external field and further transforms into
a conical structure with increasing field [3]. System-
atic investigations of the magnetic anisotropy were per-
formed in Mn;_,Fe,Si, Mn;_,Co,Si [4], FeGe [5] and
Cuz08e03 [6, 7]. Especially in the latter one, the most
interesting observation concerned the formation of an
additional low-temperature SkL state, when the tilted
conical state gets destabilised above certain magnetic
fields applied along one of the cubic [100] axes, being
the easy axis of magnetic anisotropy. In the 8-Mn type
series (Cog.5Zng 5)20—.Mn, the increase of the magnetic
anisotropy to low temperatures was shown to result in a

strong deformation of the skyrmion shape [8]. In addition
to the plethora of DMI-induced SKL states, skyrmions
have been reported to emerge via the competition of easy-
axis anisotropy and dipolar interactions [9-12] as well as
via exchange frustration [13-17]. In these latter cases,
anisotropy was also playing a vital role in the formation
of twisted spin textures.

Even stronger is the influence of magnetic anisotropy in
skyrmion hosts with Cp, symmetry where the existence
of a Néel-type SkLL was predicted already more than 30
years ago [18] and observed recently in the polar magnetic
semiconductors GaV,Sg, GaVySes, and GaMoySs [19-
25]. In these systems the cubic high-temperature phase
undergoes a Jahn-Teller transition between 40-50, K, re-
sulting in a polar rhombohedral state with C, symme-
try. The DMI vector pattern characteristic to the polar
rhombohedral state stabilizes spin cycloids, in contrast to
the spin helices observed in chiral magnets. Above a cer-
tain magnetic field the Néel-type SkL is formed with the
skyrmions axes parallel to rhombohedral axis, followed by
the FM polarized phase at higher fields. The extension
of the SkL phase in the magnetic phase diagram strongly
depends on the strength and the character (easy-axis or
easy-plane) of the magnetic anisotropy and the direction
of the magnetic field.

Very recently, the discovery of antiskyrmions in tetrag-
onal Heusler systems Mn-Pt(Pd)-Sn [26, 27] and Mn-
Ni(Pd)-Ga [28-31] with Dyq symmetry has attracted a
great attention. An antiskyrmion, in contrast to vortex-
like skyrmions, has antivortex-like character. Unlike
skyrmions, it does not have a unique chirality but its
chirality is direction dependent, dictated by the chiral-
ity of the DMI [26]. Similar to skyrmion host materi-
als [32-34], antiskyrmion hosts show interesting physical



properties such as topological Hall effect [35, 36]. Bulk
Mn; 4PtSn exhibits a highly anisotropic topological Hall
effect, which survives in the whole temperature range
where the spin structure is noncoplanar (7' < 170 K) [37].
Above the spin-reorientation temperature Tsg = 170 K,
an anisotropic fractal magnetic domain pattern of clo-
sure domains is transformed into a set of bubble do-
mains, whereas thin plates of the same compound exhibit
an antiskyrmion lattice or helix structures [38]. In thin
films of Mn,PtSn (1.48 < z < 2.04) the fundamental ex-
change parameters are tunable by chemical substitution
and thickness [39], reflected in the chiral-type Hall effect
and the magnetic transitions [40, 41]. In the proximity of
Tsr, the evolution of the in-plane uniaxial anisotropy of
Mn,PtSn (x = 1.0 — 1.6) reflects the coexistence of the
collinear and noncoplanar magnetic phases [42].

From the above, it is clear that the bubbles are sta-
bilized by dipolar interactions and the role of the DMI
term is limited to the determination if the bubbles are
topologically trivial, Bloch-type skyrmionic bubbles or
antiskyrmionic ones. Like for the formation of skyrmions
[7, 8, 43-45], magnetic anisotropy is decisive by control-
ling the formation of antiskyrmions [46-52]. Recently,
the impact of the magnetic anisotropy on the formation
of antiskyrmions has been demonstrated with the doping
of some 4d elements into Schreibersite (Fe,Ni)sP [53-58].
Schreibersite (Fe,Ni)sP exhibits a non-centrosymmetric
tetragonal crystal structure with the space group I4 of
S4 symmetry class. It possesses three inequivalent crys-
tallographic (Fe,Ni) sites. A twofold rotation symmetry
around the [100] and [010] axes and a mirror symmetry
with respect to (110) and (110) planes are absent in the
S4 symmetry, which results in a symmetry lower than
Dy [53]. FesP exhibits strong easy-plane anisotropy,
which is weakened by partial substitution of Fe by Ni.
Close to 40% Ni the easy-plane anisotropy reaches a min-
imum. Additional substitution of Fe by a few percent of
Pd switches the anisotropy into easy axis allowing for
the formation of antiskyrmions. Accompanied by micro-
magnetic simulations the formation of antiskyrmions or
skyrmions in Schreibersite was studied dependent on the
character of the anisotropy induced by controlled substi-
tution of 4d elements [54].

In the present work, we applied the ferromagnetic res-
onance (FMR) technique at 9.4 GHz in order to refine
the analysis of the temperature dependence of uniax-
ial anisotropy in (Feg.¢3Nig.37)3P, (Feq.50Nig.32Rug.09)3P
and (Feg2Nig.29Pdg.g9)sP as well as the basal-plane
anisotropy in (Feg g3Nig.30Pdo.07)3P. In addition to our
previous analysis based mainly on magnetization mea-
surements, our present study allows to resolve higher-
order uniaxial anisotropy contributions Ko and K3 be-
yond the leading contribution of K. In addition, we
performed micromagnetic simulations to understand the
impact of the fourfold planar anisotropy Ky, on the ori-
entation of the stripe phase and domain walls.
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Figure 1. (Color online) Spherical coordinate system used for
modeling of FMR in the case of an ellipsoid of revolution,
which is well approximated by a cylindrical thin disk. The
orientations of the DC magnetic field H and magnetization M
are described by angles (0m, pm) and (6, par), respectively.
The choice of crystallographic axes (x1,x2,1n) depends on the
individual experimental setup (see Fig. 2).
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II. THE IMPACT OF MAGNETOCRYSTALLINE
ANISOTROPIES ON FMR EXPERIMENTS: A
BRIEF OVERVIEW

A. Theory

The effect of the magnetic domain-like structures on
the FMR experiments in materials with magnetocrys-
talline anisotropies was studied by Smit and Beljers [59]
and Suhl [60]. They considered the case where the single
crystalline sample has the form of an ellipsoid of revolu-
tion, as shown in the schematic picture in Fig. 1. The
anisotropy of the resonance fields H,es. can be simulated
using the Smit-Beljers-Suhl formula [59, 60]:

O°F °F ( 9°F )2

HE
v M2Zsin?6y | 003,003,  \00r0pnr

(1)
where F' is the total magnetic free energy density. The
quantities w, v and M are the angular frequency, the
gyromagnetic ratio and the saturation magnetization, re-
spectively. The magnetization vector M is parametrized
by polar angle 6, and the azimuthal angle p,; within a
spherical coordinate system. Note that due to the pres-
ence of magnetic anisotropies, the equilibrium orientation
of the magnetization can deviate from the direction of the
external field H given by (6g,0m) (Fig. 1). The actual
orientation of M is found by minimizing the free energy
as OF/00y = 0 and OF/dpp = 0.

Now we consider ' = Fyee. + Fyem. + Fani., where the
first two terms include the contribution of the Zeeman
energy Fze.. = —M - H and the demagnetization factor
Faem. = 2 Neg.M? cos? 0. The effective demagnetiza-
tion factor is given as Neg. = N, — N, for the FMR
experiments, if a cylindrical thin disk is used, where the
demagnetization factor remains unchanged upon the field
rotation around its symmetry axis (z-axis), as depicted
in Fig. 1, and it is computed according to Ref. 61, in
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Figure 2. (Color online) Experimental setups (a) a disk with
x1 = [001] and xz = [110] was used for uniaxial anisotropy
measurements. (b) a disk with x; = [110] and x2 = [110] was
used for basal anisotropy measurements.

which the ratio of diameter/thickness (d/h) is taken into
account.

Based on the S; symmetry of the considered materials
the magnetocrystalline anisotropy reads up to six order
as:

Foni. = _(Klmi + szﬁ + Kgmg)
— Kp(by - m)*(by - m)?, (2)

where m = M/Mj is the reduced magnetization, m, de-
notes the magnetization component parallel to the roto-
inversion axis of the S; symmetry, i.e., the [001]-axis, K;
are the uniaxial anisotropy constants of increasing or-
der (i = 1,2,3), and K}, denotes the basal anisotropy.
The defining axes by and by together with (001) form
an orthonormal basis. Due to the low symmetry of Sy,
the directions of by and bs in the basal plane are not
constrained by symmetry and are determined by details
of the unit cell, similar to the orientation of the anti-
symmetric DMI in this system [53]. This is in contrast
to more symmetric systems such as Dyg, where extra
mirror planes fix the orientation of the DMI and basal
anisotropy. In the following, we define the basal axes with
respect to the crystallographic (100) and (010) directions
via Bl = c0S Ype100 + sin pnLép1p and 62 = €001 X f)l.

1. Uniaxial Anisotropy

For measurements of the uniaxial anisotropy we con-
sider a disk-shaped sample with the x; = [001] and
X = [110] axes, see Fig. 2(a). Note that here the po-
lar angles 6y, and 0y are not defined with respect to the
rotational axis but to the crystallographic axis of highest
symmetry x; = [001]. With the rotational axis n = [110],
the azimuthal angles ¢y, and g are fixed to zero.

In the case of tetragonal crystal structure with uniaxial
symmetry, the first three terms of the anisotropy energy
F,ni in Eq. 2 can be rewritten as follows [62, 63]:

Foni = Ky sin® Or + Ko Sin49M+K3 sin69M (3)

here the magnetic anisotropy energy depends only on the
polar angle (657) between the magnetic moment and the
crystallographic axis of highest symmetry. Usually the
anisotropy constants K (fourth order) and K3 (sixth or-
der) are at least one order of magnitude smaller than K
(second order) [62]. In the case of K, > 0, the anisotropy
is of easy-axis type, whereas K, < 0 for the easy-plane
type anisotropy. Here K, is the total uniaxial anisotropy.
Due to their small contributions, higher order anisotropy
terms in Eq. 3 are usually neglected, i.e. K, ~ K;. We
can calculate the anisotropy field, which is a measure of
energy difference between the hard and easy directions,
as Honi. = (1/My)(0? Foni./063,). Following Eq. 3, for
01 = 0 one obtains [63]:

(4)

2. Basal Anisotropy

For measurements of the basal anisotropy we consider
a disk-shaped sample with the x; = [110] and x2 = [110]
axes, see Fig. 2(b). Here the rotational axis n = [001]
corresponds to the crystallographic axis of highest sym-
metry.

The total energy density F' = Fyem. + Fee. + Fani. for
an external field H in the plane of the disk comprises
the demagnetization energy Fgyenm., the Zeeman energy
Fyee. = —HMscos(pr — par) sinfyy, and the anisotropy
energy:

Foni = — K cos? 0y — Ko cos* 0y

K . (5)
— Tb cos?[2(n — par)] sin® Oy

where we neglected terms with K3 as they are small.
From Eq. 1 follows in the limit of large field MgH,cs. >
loM2Neg. — 2K1| > |Ky|, | K2| the resonance field:

w M K

,UOHrcs. - — - MO—NCH. + _1
~ 2 M (6)
Ky

- ar (14 5cos[4(en) — b)),



which is independent of Ks. The basal anisotropy Kj
causes a 4-fold periodic pattern in the resonance spec-
trum with a phase shift that allows one to determine the
basal axis orientation ¢y,. By taking the difference of the
maximal and minimal resonance fields we can determine
the magnitude of the basal anisotropy:

: K,
AI{rcs. = H;gjx' - Hg;n - 5| b| .
’ ’ 2M0Ms

(7)

Due to small but finite unavoidable misalignments of
the sample, the rotation plane of the magnetic field does
not perfectly coincide with the basal plane. This can
lead to the intermixing of the uniaxial anisotropy with
the basal plane anisotropy. As a consequence, the angu-
lar dependence of the resonance field would not show a
7 /2 periodicity, but would acquire a 7 periodic term due
to the uniaxial anisotropy. In particular, if the crystal-
lographic axes are tilted with respect to the disk-axis by
the polar angle 6; for the azimuth angle ¢y, the resonance
field becomes:

w oMy 3 5\ K1
Hyeo ~ 2 — Neg + (1-262) =2
Ho 5T g et ( 2 t) M,
Ky, | 3K.0?
_ 2 _
L T aar, coslRlen — ] (8)

K
- 4ME cos[4(pr — ¢b)],

where contributions other than K; and K} have been
neglected. Thus, we can determine K}, by fitting a sum
of trigonometric functions with individual phase shifts to
the resonance spectrum.

B. Experimental Details

The bulk single crystalline samples of (Fe:Ni:M)sP
(M = Ru,Pd) were synthesized by a self-flux method
as reported in Refs. [53 and 54]. Magnetization was
measured on single crystals using a SQUID magnetome-
ter. The ferromagnetic transition temperature T¢ de-
creases from 412 K to 337 K and 392 K by substituting
(Feo.63Nig.37)sP with Ru or Pd, respectively. The satu-
ration magnetization My decreases as well (see Ref. [54]).

In order to perform FMR measurements, the bulk
single crystals were prepared in form of cylindrical
thin disks, where the values of diameter/thickness ra-
tio are 8.57, 3.14, and 5.6 for respective (Feg ¢3Nip.37)3P,
(Feo.50Nig.32Ru0.09)3P, and (Feq.62Nig.29Pdg.09)3P sam-
ples. Both [110] and [001] axes are parallel to the large
cylindrical surfaces of the samples, i.e. they are per-
pendicular to the mantle. On the other hand to study
the basal-plane anisotropy, a single crystalline sample of
(Feo.63Nig.30Pdg.o7)3P was shaped in a cylindrical disk,
whose large circular surfaces contains [110] and [110]
axes.
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Figure 3. (Color online) Selected FMR spec-
tra of (F80A63N10,37)3P7 (Feo,59NioA32Ruo,09)3P and

(Feo.62Nio.29Pdo.09)3P at 300 K and various orientation
of the magnetic field. The spectra are representing the
absorbed microwave power (Pgps.) as a function of magnetic
field strength (uoH) at a constant microwave frequency of
9.4 GHz. The vertical bars on the peaks of the spectra are
marking the resonance field positions.

Angular dependent FMR measurements were per-
formed using a continuous wave spectrometer (Bruker
ELEXSYS E500A) at X-band frequency (v = 9.4 GHz),
for selected temperatures 5, 50, 100, 150, 200, 250, 300,
350, and 380 K using a continuous Helium gas-flow cryo-
stat (Oxford Instruments) for T < 300K and a nitro-
gen gas-flow cryostat (Bruker) for 7' > 300K, respec-
tively. The electromagnet covers a sweep field regime up
to 1.6 T. The orientation of samples was controlled by a
programmable goniometer in 5° steps during a full rota-
tion of the magnetic field in the plane of the cylindrical
disk.

FMR detects the power P,ps. absorbed by the sam-
ple from the transverse magnetic microwave field as a
function of the static magnetic field H. In the Bruker
spectrometer this is realized in reflection geometry and
the signal-to-noise ratio of the spectra is improved by
recording the derivative dP,ps./dH using a lock-in tech-
nique with field modulation. The integrated signals of
dPoys./dH dependent on the orientation of the mag-
netic field poH () exhibit maxima corresponding to the
FMR resonance fields pgH;es., as depicted in Fig. 3 for
T =300 K.

The resonance field in both (Fepg3Nig.s7)sP and
(Feo.59Nig.32Rug.09)sP shifts to lower fields by a small
amount of 46 mT and 22 mT, respectively, upon the
rotation of the applied magnetic field within the disk
from [001] to [110] axes. On the contrary, the reso-
nance field shifts to a significantly larger value (by about
217 mT) in (Feo,ﬁgNio,ggpdo,ogbp. This different be-
haviour proofs the easy-plane anisotropy of the former
two compounds in contrast to the easy-axis anisotropy
of the latter compound (Fig. 4). To evaluate the uniax-
ial magnetic anisotropy, the angular dependence of the
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Figure 4. (Color online) Angular dependence of the res-
onance field of (]:7‘60_631\11037)3P7 (FeoA59Nio_32Rqu09)3P and
(Feo.62Nio.290Pdo.09)3P as measured at 300 K for v = 9.4 GHz.
The first two compounds show an easy-plane type of magne-
tocrystalline anisotropy, while the third compound reveals an
easy-axis anisotropy. The solid red lines depict the fits that
are modelled by the uniaxial magnetocrystalline anisotropy as
described in the text. Maxima and minima are corresponding
to hard and easy axes, respectively.

resonance field data was fitted using Eq. 1.

III. RESULTS AND DISCUSSIONS
A. Temperature dependence of K,

Starting with  (Feg3Nig.37)3P  with easy-plane
anisotropy, the magnitude of K; decreases with in-
creasing temperature with the values K3 = —33 and
—2 kJ/m? at 5 K and 380 K, respectively (Fig. 5a).
This implies that the anisotropy remains easy-plane by
temperatures approaching the ferromagnetic transition
at Tc = 412 K. As shown in (Fig. 5a), the values of K»
are positive and they are decreasing faster than those
of K7, as the temperature increases. Moreover, the
values of K3 remain negative but generally are close to
zero within the experimental and analysis uncertainty.
Following Eq. 4, the anisotropy field can be estimated as
toHani, = |2K1/1oMs| = 0.1 T at 5 K and decreases to
9 mT at 380 K. The isotropic g-factor changes from 1.55
at b K to around 1.90 on the border of the paramagnetic
phase. Note that this should be taken as an effective
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Figure 5. (Color online) Temperature dependence
of the wuniaxial anisotropy constants K;, Kz, and

K3 kJ/m® for (Feo.ssNio.s7)sP, (Feo.soNio.32Ru0.00)3P and
(Feo.62Nip.290Pdo.09)3P obtained by FMR at v = 9.4 GHz.
The other plotted values of K, kJ/m® are obtained by using
magnetization measurements as given in Ref. 54.

g-factor, because the observed shift, probably, results
from the simplified assumption concerning the effective
demagnetization factor of the metallic disc.

Similar to (Feg ¢3Nig.37)3P, the second order anisotropy
constant of (Fep 59Nip 32Ru9.09)3P reveals an easy-plane
anisotropy character with K; = —39.5 kJ/m3, which
monotonously increases to —3 kJ/m? on increasing tem-
perature from 5 K up to the room temperature, respec-
tively (Fig. 5b). Like in the previous sample K5 attains
positive values and decreases to approximately zero al-
ready below T¢. The anisotropy field becomes one or-
der of magnitude smaller, from approximately 114 to
17 mT, as the temperature increases from 5 to 300 K.
The isotropic g-factor was found to increase from 1.47 to
1.97 as the temperature rises up from 5 to 300 K.

However, in (Feq.62Nig.29Pdo.09)3P the situation looks
different. It was mentioned in Ref. [54] that the com-
pound (Feq 63Nig 33)3P has reached the optimal doping
where the easy-plane anisotropy K, reaches its minimum
such that the small amount of Pd (up to 4%) is enough to
switch K, from easy-plane to easy-axis anisotropy. In-
deed in (Fep.2Nig.29Pdg.09)3P, all anisotropy constants
Ky, K, and K3 show positive values (easy-axis char-
acter), with very small deviations of Ks, and K3 to-
ward negative values at 380 K (Fig. 5¢). The value of
K =48 kJ/m? at 150 K drastically falls down to about
2.5 kJ/m3 at 380 K. The values of K5, and K3 are one to



two orders of magnitude smaller than those of K7 with re-
spect to 150 and 380 K. The calculation of H,,;. results
in 154 mT at 150 K and 19 mT at 380 K. The corre-
sponding isotropic g-values are 1.50 and 1.71. The lack
of X-band FMR data at temperatures lower than 150 K
is due to the fact that at v = 9.4 GHz we are below the
full saturation range of the magnetization (around 0.6 T)
as one can see in Ref. [54] where the spectra cannot be
evaluated unambiguously.

The absolute values of K7 as determined from the
anisotropy of FMR in this work are slightly different from
those of K, obtained by magnetization measurements in
Ref. [54]. These deviations cannot be recovered even by
consideration of the values of higher orders Ko and Kj.
This is mainly due to the fact that K, was calculated
from the difference of Helmholtz magnetic free energy
along the [110] and [001] axes in which K, is equal to
the area enclosed by the magnetization curves along the
above-mentioned directions. Although in this case the
magnetization process along the easy axis is dominated
by the displacement of domain walls, the contribution
of this process however was excluded in this formula-
tion. Contrary, FMR experiments probe the dynamical
modes of the magnetization in the saturated state. This
means that domain walls do not play any role in this
case. Therefore, a slight discrepancy between K, and
K is expected.

The error bars have been estimated in a semi-
quantitative way: the fit parameters K; and Ko were
each varied as far to increase x? by 10 percent away from
its minimal value. Such deviations in x? typically indi-
cate a worse fit visible to the eye, but on the other hand
they respect the failures of the eye to find the true min-
imum in x2. In Figs. 5, 6 all the error bars are large as
the symbols.

B. Fourfold Symmetry of Planar Anisotropy

1. FMR Results

Recall the FMR data of (Feg g3Nig.30Pdo.07)3P, where
the angular dependence of the resonance field at differ-
ent temperatures reveals an easy-axis type of anisotropy
(Fig. 6(a)). The evolution of K, with temperature was
discussed in Ref. 54. The values of K, which are ob-
tained by Helmholtz method were found in a good agree-
ment with our values of Kj for higher temperatures
(T > 250 K). Here we would like to point out that both
K>, and K3 contributions would not make a large dif-
ference of the total K values (Fig. 6(b)). At 300 K,
K; =~ 21 kJ/m3. The corresponding anisotropy field
MOHani. ~ 90 mT.

On the other hand, Figure 7 shows the angular de-
pendence of the ferromagnetic resonance field (uoHyes.)
of (Fep.¢3Nig.30Pdo.07)sP for the magnetic field applied
within the ab-plane at 4 and 300 K. One can recognize
the superposition of a twofold and a fourfold periodicity,
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nance field in the ac-plane of (Feg.63Nig.30Pdo.07)sP at 300 K.
(b) Temperature dependence of K1, K>, and K3 kJ/m3 values
obtained by FMR at v = 9.4 GHz. The other plotted values
of K, kJ/m3 are obtained by using magnetization measure-
ments as given in Ref. 54.
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Figure 7. (Color online) Angular dependence of the resonance
field in the ab-plane of (Feo.63Nig.30Pdo.07)3P at 4 and 300 K.
Besides the two fold symmetry due to slight tilting of the
sample, it reveals the fourfold 4" order anisotropy due to
S4 symmetry. The solid red lines describe the fit by Eq. 8.
The black points at the bottom of each frame represent the
difference between data and fit.

which can be described with Eq. 8. Using the empirical
value of K71 /M ~ 59 mT at 300 K, one obtains 6; ~ 17°,
or ~ 23° @p ~ 5°, and Ky, ~ —3 kJ/m3. At 4 K with
K,/Mg ~ 118 mT, one obtains 6; ~ 18°, ¢ ~ 35°,
o ~ 23° and K}, ~ 5 kJ/m?. The difference plots at
the bottom of each frame in Fig. 7 indicate deviations
probably due to imperfections of the disk shape. Such



imperfections lead to nonuniform demagnetization con-
tributions, which are not important as compared to the
strong anisotropy in the ac-plane, but become obvious in
case of the weak basal anisotropy. The polar tilt angle
0; is consistent for both angular dependencies at 300 K
and 4K within 1°, respectively. The uncertainty of the
azimuthal tilt ¢ and basal angles ¢y, is larger (£10°) be-
cause of the above mentioned imperfections of the sample
shape.

Nevertheless, a reasonable approximation of the basal
anisotropy is obtained from fitting with Eq. 8. Regarding
the error bars of the data points estimated by (£5%)
of the resonance linewidth, the values of Kj, exhibit an
uncertainty of (£20%). Note that the K3, values are only
about one order of magnitude smaller than those of K,
as obtained in Ref. 54. This result reveals that Ky in
this compound is significantly larger than for example in
GdRhsSis, which has a tetragonal structure and uniaxial
symmetry as well [64].

2. Effect on magnetic textures

We examine the effect of the fourfold basal anisotropy
on magnetic textures theoretically within a micromag-
netic model. Apart from the anisotropies in Eq. (2),
the energy functional comprises the magnetic stiffness A,
Zeeman interaction with the external field B, demagne-
tization energy, and Sy-symmetric DMI D:

E= /dV {A(Vm)z — Mym'B — Mym-Byen,
+Dm-(a1><81m—a2><82m) (9)
+ Klmg + Kb(f)l . m)2(62 . m)ﬂ .

The orientation of the DMI is defined via the orthogo-
nal vectors &1 = cos ¢pME10o + sin wpméprp and dg =
€001 X &1. The operator 0; denotes a derivative along
d;. For D > 0, this DMI favors a righthanded helix in
&1 and a lefthanded helix in the dg—direction. It is im-
portant to notice that the defining vectors of the basal
anisotropy b; and the DMI d; are independent and their
only symmetry-imposed constraint is the orientation per-
pendicular to [001]. This is different in magnets with
Dyg4-symmetry where both sets of vectors are by symme-
try pinned to the [100] and [010]-axes.

Let us consider now a domain wall separating regions
with m = (0,0,+1)7 as the most simple non-collinear
texture. Demagnetization energy forces the domain wall
to have Bloch type helicity deep in the bulk, with left
and right handedness being energetically degenerate. As
discussed in Ref. [53], for the DMI these handednesses are
energetically favorable only in two orthogonal directions,
here given by d; or &2, respectively. However, the effect
of basal anisotropy was neglected which favors Bloch type
domain walls in the by or by direction, irrespective of
handedness.

e sim. d=100nm
¢ sim. d=200nm
e sim. d=400nm

0 20 40
Po—Pom

Figure 8. (Color online) Angle between the lowest energy do-
main wall orientation ¢4w and the DMI axis orientation ppwm
as function of the basal anisotropy orientation ¢y, (relative to
¢pm). Colored lines show the perturbative result of a simple
model, Eq. (10), for different values of the ratio between DMI

D and basal anisotropy Ky, i.e., U?;l\% =0,1,2,4,8,16
from red to blue. The black line indicates the limit paw = @b.
The dots show numerically obtained results explained in the

main text.

An analytical solution for the domain wall orienta-
tion anisotropy can be obtained in the limit of negligi-
ble D and Ky, far away from the surfaces where the
effect of dipolar interactions is pinning of the helicity
to Bloch type. In this limit, the domain wall profile
m, = cosf is given by 6(r) = 2 arctan [exp[—(r - Rigw) /]
where A = \/A/| K| is the characteristic length scale and
Ndw is the vector normal to the domain wall. The pertur-
bative energies of basal anisotropy and DMI, assuming no
deformation of the domain wall profile, read

1 .
Fxp = g)\Kb sin®(2(¢b — Paw))

Epy = —7D| cos(2(epm — @dw))]| -

(10)

The absolute value in Epy stems from jumps between
left and right handedness. The domain wall orientation
with the smallest energy according to this simple per-
turbative model is shown in Fig. 8, obtained by numeri-
cally minimizing the total Exy + Epum of Eq. (10). The
color encodes different values of the only dimensionless
parameter /\%. The domain wall orientation follows (i)
the DMI orientation if the DMI is dominant (red limit)
or (ii) the orientation of the basal anisotropy if K, is
dominant (blue/black limit). If both interactions are of
comparable scale, the resulting domain wall angle can
take any intermediate value.

Additionally, we computed the energy of a domain
wall pair using a modified version of MuMax3 [65] which
features an improved numerical discretization scheme
to avoid anisotropy effects of the numerical lattice,
DMI of S; type with an arbitrary orientation in the
xy-plane, and basal anisotropy, as defined in Eq. (9).
The results shown in Fig. 8 are calculated for differ-
ent thicknesses as indicated and the standard param-
eters for (F€0,63Nio,30Pd0,07)3P, i.e., A = 81 pJ/m,



D = 0.2 mJ/m?, My = 417 kA/m, K, = —31 kJ/m3
(note the different sign convention), as used in Ref. [53]
for samples at 7' = 300 K. The pair of domain walls was
discretized on 128 x 128 x 64 lattice sites with periodic
boundary conditions in the x and y direction (with 16
repeats using standard MuMax3 procedures for the de-
magnetization). For every thickness, we first determined
the system size at D = 0 and K; = 0 with the lowest
energy density. Next, we added the DMI as well as a
basal anisotropy of K}, = 25 kJ/m?® which corresponds
to /\% ~ 2. We also considered the more realistic case
Ky, = 2.5 kJ/m?, but modulations of the domain wall ori-
entation were only of the order of one degree. Similarly,
the experimentally determined value K}, = 3.66 kJ/m3
(A% ~ 0.3) at room temperature suggests that the ef-
fect on the domain wall orientation can be expected to
be small. It turns out that in the case of real 3D samples,
where the domain walls become Néel type at the surfaces,
the simple perturbative result breaks down. The energet-
ically optimal orientation angle of the domain walls does
not only depend on the orientation angles of the DMI
and basal anisotropy as well as their relative strength,
but it also depends strongly on the film thickness, in-
cluding a sign change for most relative angles between
the DMI and basal anisotropy. More sophisticated mod-
els or simulations are required to fully understand the
interplay of basal anisotropy and anisotropic DMI and
their combined effect on the orientation of domain walls.

The effect on more complex magnetic textures can be
estimated based on these results for domain walls. In the
limit K3 = 0, the antiskyrmions are square-shaped while
skyrmions are elliptical [53]. In the opposite limit, D = 0,
one can expect that both antiskyrmions and skyrmions
are square-shaped as their helical domain wall regions
are pinned in orthogonal directions. In the competing
scenario, where both interactions are at work on similar
scales, one may expect a trivial crossover or the emer-
gence of more complicated shapes, depending on the rel-
ative strength of the interactions, their relative angle,
and the thickness of the sample. The detailed numeri-
cal investigation of this rich phase diagram is, however,
beyond the scope of the present work.

It is interesting to compare the situation for Dag sym-
metry: In that case the DMI axes &1 and &2 are ori-
ented along [100] and [010] directions, respectively, i.e.
the same directions like the basal anisotropy axes b, and
b.. Thus, the orientation effects are limited to the trivial
case ¢ — ¢pm = 0. In turn, the present Sy-symmetric
compound is astonishingly close to the opposite limit
w» — ppMm ~ 45°, which is the maximum mutual twist
angle promoting the competition between both contribu-
tions to anisotropy.

We conclude that there is a rich zoo of effects emerg-
ing from the interplay of DMI and basal anisotropy,
which can potentially be accessed experimentally by tun-
ing the thickness of samples, the orientation of DMI

and anisotropy axes by varying dopants, or the relative
strength between interactions by varying doping concen-
trations or temperature as different scaling relations may
be expected for the different interactions. This rich va-
riety of tuning knobs offers great potential for future in-
vestigations.

IV. CONCLUSIONS

We have successfully performed systematic FMR
measurements in high quality samples of several
novel  Schreibersite ~ compounds  (Feg ¢3Nig.37)3P,
(Feo.50Nig.32Ru0.09)3P and  (Feg.62Nig.29Pdo.09)3P in
order to study the behavior of the uniaxial anisotropy
K, as function of temperature. In the two former
compounds, the leading uniaxial parameter K; exhibits
an easy-plane character while in the latter it shows an
easy-axis character. These results are in fair agreement
with previously obtained results for K, using magne-
tization measurement technique. Moreover, our FMR
measurements allowed to determine the higher order
anisotropy parameters Ko and K3. Ky turned out to be
positive for all three compounds, with absolute values
one order of magnitude smaller than the corresponding
K. Kj is again one order of magnitude smaller than
K5 but its sign basically follows that of K;.

In addition, we studied the planar anisotropy Kj, in
(Feo.63Nig.30Pdo.o7)sP by means of FMR. The results
proof a fourfold symmetry as expected for the tetrag-
onal crystal structure. The value of the correspond-
ing anisotropy parameter Kj, is an order of magnitude
smaller than that of K. Our micromagnetic simulations
reveal that a basal anisotropy can indeed influence the
orientation of domain walls and the stripe phase, and
is likely to also affect the shape of skyrmions and an-
tiskyrmions, if the basal anisotropy competes with the
DMI. However the actual strength of Ky, is at least one
order of magnitude too small to provoke sizable effects.
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