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Reply to the Referee’s reports
“Curvature effects on phase transitions in chiral
magnets”

First of all we thank the Editor for the efficient review process and the Referees
for their time as well as constructive criticism aimed at improving our manuscript.
Following the suggestions we have improved the paper. All revisions are indicated
in the manuscript in blue color.

Sincerely yours,
Authors.

Reply to Referee #1

Comment 1:
In the conclusion, it would be good to go beyond the calculation results and explain
in simple terms why the effect of curvature is stronger when competing with Neel
type DMI. It would be good also to have some outlook. Indeed, the paper shows that
large curvatures are required to get large effects. But when the curvature is too large,
the hedgehog structure becomes unstable. Indeed, the x? energy of the hedgehog
state should be compared to that of the uniform (in 3D space) magnetization, which
is 1/2 in the same units, discarding magnetostatic terms. This leads to k < 0.707,
close to the value 0.72 often considered in the figures. From this, I reckon that the
graphs stop at Kk = 0.72 because, above it, one goes to the uniform magnetization.
This would thus be the largest possible curvature.

Answer 1:
The answer on this comment we would like to split into two parts:

e Following Referee’s comment we added into the conclusions the explanation
why the curvature induced effects is stronger in the case of the Néel type of
DMI:

7

The curvature effects are more pronounced for the case of Néel intrinsic
DMI because the curvature-induced DMI is usually of the Néel type,
thus a direct competition takes place. Note, that for the same reason
the Néel skyrmions are more strongly affected by the curvature gradients
as compared to the Bloch skyrmions [33] and the DMI-free skyrmions
stabilized by curvature are of Néel type [45].

e Indeed, with the increase of the curvature the hedgehog state becomes unstable
and the transition to a nonuniform state takes place. This transition is denoted
by the blue solid line on the phase diagrams shown in Fig. 3. For small enough
DMI, the nonuniform state is the two-domain state (¢ = 1) which can be
thought of as an onion state of the tube. With the further curvature increase
the two-domain state asymptotically approaches the uniform state with m =
mg L z. This uniform state has energy 1/2 in the considered units. Note
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Figure R.1: Energies of different states of the tube for the case d = 0.

that the other uniform state with m = my||2 has higher energy equal to 1.
The comparison of energies is shown in the Fig. R.1. As one can see there
is only one critical curvature value s, ~ 0.657 (for d = 0), which separates
the hedgehog and two-domain states. This critical curvature was previously
found in Ref. [53]. There are no other critical values. The fact that the phase
diagrams in Fig. 3 are limited to s /=~ 0.72 is just a necessary contingency (the
plots must be terminated somewhere).

Comment 2:
The paper makes a large use of analytical calculations. So the formulas should be
carefully checked. I found several mistakes in them, which costed me some time.

(a) in (B.1), line 2, the second term should have sin?(¢ + )

(b) in (B.1), line 3, the cross product Vé x e should be transformed to a scalar by
a dot product with the normal vector n, like in (A.5d)

(c) in (B.2), the first equalities for each line do not hold, as numerical factors are
lacking. These play no role for the second equalities, as the right-hand side is
zero. But they are important if the reader wants to rederive these formulas.

So these factors (1/2 in front of dE/df and dE/d¢, 1/(2k) in front of dE/dy))
should be restored.

(d) for (B.4), second line, same comment as for (B.1)
(e) for (B.5), same comment as for (B.2)

Answer 2:
We appreciate that the Referee has read our manuscript so carefully and we thank
him/her for the spend time. Indeed, in all cases mentioned by the Referee we made
misprints. Fortunately, these mistakes are just typos and they do not affect the
subsequent calculations. We fixed the misprints in the manuscript.

Comment 3:
The paper uses sometimes the CGS system, sometimes the SI system. This forces

ii
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to replicate the column of Table I (with a mistake there: 1 mJ/m? is equal to 1
erg/cm?). T suggest to follow the (not so) modern practice, namely to use SI units
throughout.

Answer 3:
Following the recommendation of the Referee we proceed to SI units. Note that the
supplementals are mainly affected, since we use the dimensionless units for the main
text.

Comment 4:
Check the English. Especially for the abstract. The "del operator” mentionned
below (A.2) is not a standard term. Why not simply say ”gradient” ? The word
"whereas” in between (C.2d) and (C.2e) seems to stand for "whether”. Ref. [46]
should refer to Appendix D.

Answer 4:
We thanks the Referee for his comment. In the DMI energy we have a divergence,
curl, and gradient. Therefore we used term ”del operator®. We also revised text
accordingly.

Reply to Referee #2

Comment 1:
Do the authors study the possibility of the solution corresponding to the hedgehog
state is a special case of a general solution given by Eq. (5)7

Answer 1:
No, formulas (5) and (6) describe the nonuniform multidomain state with ¢ > 1.
The uniform hedgehog state with ¢ = 0 we consider separately. In principle, formula
(5) can be used for the hedgehog state at the limit case 7' — oo (C' — 0). However,
we believe that such a generalization may confuse the reader.

Comment 2:
From the analysis of Fig. 3, one can state that there are regions in which Neel DMI
and Bloch DMI coexist? If yes, it would be useful to include this discussion in the
text.

Answer 2:
The DMI strength shown in Fig. 3 is the intrinsic DMI (not curvature induced).
And in our MS we do not consider the joint action of intrinsic Bloch and Néel DMI.
In order to prevent the possible confusion we denoted it in the caption of Fig. 3:

5 3
.. with Bloch and Néel type of intrinsic DMI ...

Comment 3:
There are some parts of the text that are confusing. For instance, the presentation
of hedgehog and inhomogeneous solutions are presented without proper separation.
This fact can bring some difficulties in the understanding of the results. I recom-
mend the authors to perform a revision in the text to better present their results.
For instance, there are some parameters that are not presented immediately after
appearing in the equations, as the integration constant C.

Answer 3:
We thanks the referee for his comment. The homogeneous hedgehog state is trivial,
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therefore we did not consider it in a subsection. Following the Referee’s recommen-
dation we highlighted words “homogeneous” and “inhomogeneous” in the main text.
We insert the following text before formula (5)

page before Eq. ()

.. normal magnetization component of the inhomogeneous state ...

And we add the description of constant C:

page after Eq. ()

... U is an integration constant ...

Comment 4:
The text should be revised. There are some problems with English. For instance:
“one obtains”, “is reads”, and others.
Answer 4:
We proofread the text.
Comment 5:
What do the authors mean with the “simultaneous action of DMI and curvature”?
Answer 5:
We reformulate it as follows:

page before formula ( )

... for the case » > 0 and d? > 0 the DW width decreases as compared to the
case » = (0 (planar film) or d = 0.

And as follows:

page before formula ()

... due to non-zero DMI and curvature the width of the well separated Néel
DWs is increased. This behavior is opposite to the case of the Bloch DWs.

Comment 6:
I call the attention of the authors for some interesting results regarding curvature
effects in nanomagnets with DMI. Some of them were developed by authors of this
paper: Phys. Rev. B 102, 014432 (2020); https://doi.org/10.1038 /s42005-020-0387-
2; Phys. Rev. B 102, 024444 (2020); Nanotechnology 31, 125707 (2020); J. Appl.
Phys. 108, 033917 (2010); https://doi.org/10.1038/s41598-019-45553-w; and others.
Answer 6:
We thank the Referee’s for his comment. We added the corresponding citations in
the introduction with Refs. [33,34] and Ref. [23] into the discussion about magne-
tostatic interaction.
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Abstract

Periodical equilibrium states of magnetization exist in chiral ferromag-
netic films, if the constant of antisymmetric exchange (Dzyaloshinskii—
Moriya interaction) exceeds some critical value. Here, we demonstrate
that this critical value can be significantly modified in curved film. The
competition between symmetric and antisymmetric exchange interactions
in a curved film can lead to a new type of domain wall which is inclined
with respect to the cylinder axis. The wall structure is intermediate
between Bloch and Néel ones. The exact analytical solutions for phase
boundary curves and the new domain wall are obtained.
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1 Introduction

Magnetic nanostructure with arbitrary curvilinear shapes can acquire a multitude of
ground-state configurations [1-4] under the twisting influence of the Dzyaloshinskii—
Moriya interaction (DMI) and the effect of the curved surfaces/interfaces. Modu-
lated states arise, if a nanomagnet has typical lengths comparable to the twisting
length [5-7] which is determined by the material parameters and can be influenced
by the curvature. The magnetic phase-diagram of curvilinear ferromagnets becomes
much richer as compared to a flat specimen. Among simple curvilinear shapes,
hollow cylindrical tubes or wires are very promising for a broad range of biomedi-
cal [8-11] and technological [12,13] applications, also see Review [14]. Nanotubes
can also be assembled into interconnected networks [15] which makes them attractive
for advanced hardware concepts in neuromorphic computing [16]. It is important
to note that magnetic nanotubes can be produced experimentally with different
techniques [17-22].

Magnetic nanotubes belong to the simplest magnetic systems with pattern-
induced chirality breaking [1,23]: two energetically equivalent vortex domain walls
(DWs) with opposite chiralities possess different dynamical properties, leading to a
suppression of the Walker breakdown [24] and Cherenkov-like radiation of magnons
for fast DWs [25,26]. Additionally, tubular geometry results in the asymmetric
spin-wave dispersion relation in azimuthally magnetized tubes [27,28], similarly to
systems with intrinsic DMI [29,30]. In this context, an interrelation between effects
due to intrinsic DMI and curvature-induced chirality is expected. An important
question is, how the curvature modifies the critical DMI d; [5, 7], which separates
homogeneous and periodic magnetization structures. This is important for assessing
the stability of skyrmions [31] and their motion [32] along the tubes and other curvi-
linear surfaces [33,34]. Here, we present a detailed study of equilibrium states of
the ferromagnetic nanotubes with intrinsic DMI of different symmetries. We show
that: (i) The curvature modifies the critical DMI strength. (ii) New types of DWs
appear in the periodic phase.

2 Model

We consider the tubular shell as a ribbon of thickness h and width w, close-coiled
upon the rod of radius R, see Fig. 1. The central line of the ribbon makes angle
7/2 — 1 with the cylinder axis. The ribbon width is determined as w = 27 Rsin ),



SciPost Physics

Figure 1: (Color online) Schematic presentation of the geometry: (a),(b) The tubu-
lar shell is presented as a ribbon [gray in (a) and colored surfaces in (b)] of thickness h
and width w which is tightly (without gaps) rolled up around the rod (yellow) of radius
R; (c) unrolled ribbon. Thick blue line ¢ (z1,0) corresponds to the ribbon center, dashed
lines ¢ (1, —w/2) and § (z1,w/2) with w = 2w Rsin v correspond to the ribbon side edges.
Color scheme corresponds to the normal magnetization component.

this results in a closed cylindrical surface, i.e. without a bordering rim along the axis.
The surface of the ribbon ¢ can be parameterized in the following way: ¢ (z1,x2) =
Rcos (ps/R) @ + Rsin (ps/R)Yy + p.z, where p; = x1c08¢ — z9siney and p, =
rysiny + xacostp, ¥y € [0,L] and zy € [—w/2,w/2] are coordinates within the
ribbon surface, see Fig. 1. Such a nontrivial parametrization of the cylinder surface
is useful for description of DWs which may be arbitrarily oriented along the tube
axis, i.e. 1 defines the angle between the DW and 2z axis. Parametrization ¢(xy, z5)
induces the natural tangential basis e, = 0,¢ with the corresponding Euclidean
metric tensor elements g.p = €, - €g = d,3. Here, o, = 1,2 and 0, = 0,,. Note
that in our particular case e, are orthogonal vectors of unit length. This enables
us to introduce the orthonormal basis {e, es, n}, where n = e; X e is a normal
vector to the surface, see Fig. 1.

Assuming small thickness of the coiled film (h < R), we consider the magneti-
zation as a continuous function of two variables M = M (1, z3), which obeys the
periodic boundary condition M (z1,w/2) = M (x; +T,—w/2) with T' = 27 R cos .
Such constraint for M is a requirement of continuity of the magnetization for the
used parameterization of the cylinder surface. The energy of the system is modelled
by the functional

E:h//[wx+%(1_mg)+g>gD} daday, (1)

where three contributions are taken into account. The first term in (1) is the ex-
change energy density with & =", (9;m)?, where o is the exchange constant.
Here m = M /M, is the unit magnetization vector with M; the saturation magneti-
zation. The second term is the easy-normal anisotropy, where X > 0 and m,, = m-n
is the normal magnetization component. The competition between exchange and
anisotropy results in the magnetic length ¢ = /sl /X, which determines a length
scale of the system. The last term in (1) represents DMI contribution &, with & the
DMI constant. We consider two types of DMI: (i) &Y = m - [V x m] is applicable
for systems with 7" and O symmetries [30]. In the following this is called DMI of
Bloch type, since for planar films it results in DWs and skyrmions of Bloch type.
(i) & = m,V -m —m - Vm, is valid for ultrathin films [35, 36], bilayers [37] or
materials belonging to C,,, crystallographic group. In the following we call this DMI
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Figure 2: (Color online) Parameters of periodical state in tubular shells: (a) and
(b) show the angles ¢f, ¢°, and period Ty as functions of DMI for s ~ 0.72. In (a), lines
are plotted by means of (3); in (b), solid line is T /Tp = |cos®®|. Symbols correspond
to numerical simulations: “AN” — spin-lattice simulations with the effectively reduced
anisotropy constant [see Appendix C|; and “OOMMF Sim.” — full-scale micromagnetic
simulations [see Appendix D].

of Néel type. Here and below the indices B and N correspond to the Bloch and Néel
DMI types, respectively.

In our model, we assume that the magnetostatic contribution is negligibly small
as compared with the anisotropy contribution, i.e. we consider systems with quality
factor Q = 2K / (poM?) > 1 [38]. Examples of chiral magnets which satisfies these
condition were recently studied in [32,39]. Additionally, for thin stripes the magneto-
static contribution can be reduced to an effective easy-surface anisotropy [23,40-43],
which simply results in a shift of the anisotropy constant & — H — ioM?/2. This
approximation is widely used for the description of equlibrium states on toroidal
nanoshells [44], statics and dynamics of skyrmions [32,45-47] and DWs [48] in curved
nanoshells.

Using a curvilinear reference frame we parametrize the magnetization in the
following way m = sinfcos¢e; + sinfsin ¢ e; + cosf n. Expressions for &, &,
and &) for a general case of a local curvilinear basis were previously obtained in
Refs. [49], [50], and [45], respectively (also see Appendix A). In the following we
look for the equilibrium magnetization states. To this end we minimize energy (1)
with respect to functions 6(z1, z3), ¢(z1,x2) and constant .

3 DMI of Bloch type

First, we consider the case of Bloch DMI &}, = &. For such kind of DMI we find
two solutions, see Appendix B.1. The homogeneous (in the curvilinear reference
frame) solution corresponds to the hedgehog state (m = £mn), its total energy
normalized by Ey = hwLX is

8" = (2)

where > = (/R is the dimensionless curvature. Additionally an inhomogeneous
solution is found with p

tan ¢y = — tan 2¢° = — (3)

where d = D /VAXK is DMI strength. It is important that angle ¢, which defines
orientation of the tangential magnetization component, is a coordinate independent



SciPost Physics

(a) Bloch DMI Blo(h DMI

b) Néel DMI

(

6 ¢ & NN 6 i o N

P i i /3 : 2 N= E 2 =10} A 8 2

T g g 2 2 - T ¥ 2

‘/):/ g/ 2 2 2 £ k4 2

4 R £ A & & B~ 4 X 1 2. 4. 4 %

p B— ATTTA _é—gg m H § §
<~ 2 X ~ 2 2.3
= 7 S 7T 8 8 & T TV [ 2
= [} = 7 o] o Qg
5 SEERERER z g =
20 g 8 2 8 8 8 W Néel DMI 20 g B~
z | 88 8 8 8 8 8 v 1 7 g 8 8
- | 8 8 8 8 8 8 8 8 & = 8 8 g
= 2 g 8 8 8 8 8 8 = 2 g 8 8
a-— g 8 8 8 9 g 3 a-— g g 8 8 8 9

™ g : g 8 34"V . g g g 8 8 8 9

---- g g 8 8 8 9

4 g 2 ¥y 4 g ® 98 8 9 8 8 8 8 8
. A S S S € x g 8 8 8 8 &8 8 8 8 8 ©

TG T \s\§§§§§§§§§

6] g\ § iq=p i & 6
S FRR PN I E -2 ¥y

0. 01 02 03 04 05 06 0.7 0 01 02 03 04 05 06 07

Reduced curvature 3¢ Reduced curvature s

Figure 3: (Color online) Equilibrium states in tubular shells: (a) and (b) show
phase diagrams of equilibrium states in tubular shell with Bloch and Néel type of intrin-
sic DMI, respectively. Symbols display the results from numerical simulations: circles
— normal (hedgehog) magnetization distribution (m = 4n); other symbols — periodic
states (gray stars correspond to states with ¢ > 5). Blue solid lines in (a) and (b) are
analytical critical lines determined by Egs. (8) and (12), respectively; dashed lines in (a)
and (b) mark transitions, where the periodic equilibrium states change their number of
DWs, as determined by numerical solution of energies equality €5 (¢) = €5 (¢ + 1) and
EX(q) = 6L (¢+1): ¢ =1 corresponds to red dashed line, ¢ = 2 — green, ¢ = 3 — purple,
q = 4 — gray. Dashed black horizontal lines correspond to critical DMI parameter in a flat
systems dyp = +4/m. Symbol @ in (a) corresponds to the boundary between the hedgehog
and periodic states obtained by means of micromagnetic simulations in Ref. [32].

constant. The relation (3) can be interpreted as follows: for given d and s, there is a
curvilinear frame of reference determined by the angle ¥® in which the magnetization
angle ¢" is constant. Angles ¢f and 9" as functions of DMI strength are plotted in
Fig. 2(a). For both types of DMI angle 0(x;), which defines the magnitude of the
normal magnetization component of the inhomogeneous state, depends on only one
coordinate x1, oriented along the stripe, see Fig. 1. It is determined by the common
“DW” equation

Oce, — Asinfcost =0 (4)

with the solution

6(&1) = am (@ &, —%) , (5)

where am(e, ) is Jacobi’s amplitude [51,52], C' is an integration constant, and
& = x1/¢ is the dimensionless coordinate. The solution (5) describes the sequence
of DWs oriented along the x5 coordinate (perpendicularly to the ribbon, see Fig. 1).
For each type of DMI, parameter A = A(3,d) is a function of curvature and DMI
strength. For well separated DWs, A\ defines the DW width A = 1/ VA. The
integration constant C' determines the period 6 (£, +T) = 0 (&)

4 A
T=—K|-—=)=1T 6
ok (-5 = Tolcosul/a )
with K(e) is the complete elliptic integral of the first kind [51,52]. On the other hand,
period T = Ty|cos|/q is predetermined by the periodical boundary conditions
discussed above. Here ¢ € N determines the number of DWs N = 2¢ on the tube
and Ty = 27/s. N is even due to the periodical boundary conditions enforced by
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the tubular geometry. For the case of Bloch DMI constant C' = (Y is determined by
the equation (6) with ¢ = ¢® taken from (3) and A = Ay = 14 (Vd? + 5 — x) /2.
One should note that for the case » > 0 and d*> > 0 the DW width decreases as
compared to the case s = 0 (planar film) or d = 0. For the corresponding period
we use the notation 7' = T;;. Period T} as a function of the DMI strength is plotted
in Fig. 2(b). The normalized energy of periodic states per period (T' = T}) is

& = F Cu(g)E (_ ; )_(”+V%2+d2)—CB<Q>COSwB  (7)

cosu? | 7 Cul0) 4

where E(e) is the complete elliptic integral of the second kind [51,52]. For a planar
film, the transition between the homogeneous and periodical state is characterized
by infinite increase of period of the spiral state [7]. Although, for the cylindrical
surface the period is finite in the transition point, for the limit case s — 0 one has
T — oo. Using that C' — 0 in this limit, we obtain from the equality €5 = €I»
the analytical expression for the critical DMI

2

d(‘?:j:do\/l—ZQ—gWW;Zl[%—k\/%z—l—ﬂ?(l—%?) : (8)
where dy = 4/7 is a critical DMI parameter for flat systems, which separates homo-
geneous and periodic magnetization distributions [5,7]. Although the expression (8)
is obtained in the small curvature limit, it describes very well the existence region
of the homogeneous state for the whole range of curvatures, see Fig. 3(a). The
boundary (8) is also in a good agreement with results obtained by means of mi-
cromagnetic simulations in Ref. [32], see symbol @ in Fig. 3(a). The equality of
energies €L (5¢,d,,q) = €5 (5, d.,q + 1) determines the boundary between states
with different number of DWs. The resulting phase diagram is plotted in Fig. 3(a).
In the limit case of very small curvature (> < 1), the boundary curve (8) has the
asymptotic behavior d® ~ +dy F (1 — 4/7%) . Thus the curvature decreases the
critical magnitude of the DMI strength. The boundary curve (8) intersects the ab-
scissa with s = 2/m. For s > s the periodical state with two DWs exists even
without intrinsic DMI, see Fig. 3. This effect is analogous to the effect of sponta-
neous formation of the onion state in nanorings when curvature exceeds some critical
value [53].

4 DMI of Néel type

Let us now consider the case of Néel DMI &}, = &. The energy of the homogeneous
hedgehog state (m = +n) reads

€ = (d+ ). (9)

Similarly to the case of Bloch DMI, there is an tnhomogeneous solution in form
of periodical modulation. As well as in the previous case, the angle ¢ takes the
constant value (for details see Appendix B.2):

cos ¢y = —sgn(d + 2s¢). (10)

However, in contrast to the previous case, DWs are always aligned along the cylinder.
This corresponds to the equilibrium value )™ = 0 (or equivalently ¥ = 7). As

6
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previously, the normal magnetization component is described by the same Eq. (5)
with C = Cy determined by (6) with ¢ = ¥ and A = Ay = 1 — »d. Note that
due to non-zero DMI and curvature the width of the well separated Néel DWs is
increased. This behavior is opposite to the case of the Bloch DWs. The normalized
energy of the modulated state per period (T' = Ty = Ty/q) is

4 Ax Cx(q)
YT =€ —VCOQE | ——=—F=) — |2 d| — : 11
v = | VOWE (- o )~ e - SOy
The equality of energies €1 (s, d.) = €Y (3¢, d.) determines the boundary between
homogeneous and periodic states. In the small curvature limit we obtain

2 2 7
L+22 1+ | Fx|l -+
s T 2

As in the case of Bloch type DMI, the expression (12) describes the boundary of the
homogeneous state in the phase diagram for a wide range of curvatures. The equality
of energies €5 (s, d,, q) = €Y (5, d., ¢+ 1) determines the boundary between states
with different number of DWs. The resulting phase diagram is plotted in Fig. 3(b).
In the limit case of very small curvature (3 < 1), the boundary curve (12) has the
linear asymptotic behavior d¥ ~ 4+dy—2 (1 + 4/7%) sc. Thus, due to the curvature the
absolute value of the critical DMI can be decreased as well as increased depending
on the sign of the DMI. Similarly to the case of Bloch type DMI, the boundary
curve (12) intersects the abscissa with s = 3¢ = 2/7 and for the case s > 3 the
periodical state exists even without intrinsic DMI, see Fig. 3.

dY = +d, (12)

5 Conclusions

At the example of cylindrical thin tubes, we show that curvature modifies the value of
critical DMI for curved systems, see Eqgs. (8) and (12), which separates the hedgehog
state with homogeneous magnetization normal to the film from the inhomogenous
modulated states. For the case of Néel type of DMI this effect is much stronger (in
the limit case » < 1) as compared to the case of the Bloch DMI. The curvature
effects are more pronounced for the case of Néel intrinsic DMI because the curvature-
induced DMI is usually of the Néel type, thus a direct competition takes place.
Note, that for the same reason the Néel skyrmions are more strongly affected by
the curvature gradients as compared to the Bloch skyrmions [33] and the DMI-
free skyrmions stabilized by curvature are of Néel type [45]. We found an exact
solution for equilibrium states on the cylindrical surface for two different types of
DMI and plotted the corresponding phase diagrams, see Fig. 3. The presence of
the Néel DMI does not modify the structure of DWs, i.e. DWs are oriented along
the cylinder axis (¥ = 0) and they are of Néel type. For the case of Bloch DMI,
the DWs are of a type intermediate between Bloch and Néel due to competition of
intrinsic DMI and geometry-induced DMI of Néel type. These DWs are inclined
by the angle ¢¥* € (—m/4;7/4), see Eq. (3) and Fig. 3. The direction of DWs
inclination (sign of the angle ¢®) is defined by the sign of the DMI parameter. This
effect is similar (i) to the field-induced inclined DWs in flat stripes [54]. In our case
the role of the external field is played by the geometry-induced easy-axis anisotropy
along the cylinder axis. And it also resembles (ii) the DMI-induced chiral twist

7
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of domains separated by the head-to-head (tail-to-tail) DWs in nanotubes [48]. In
both cases, the periodical boundary conditions, enforced by the closed cylindrical
geometry, result in even number of domains on the cylinder.
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A Introduction of the curvilinear basis and magnetic inter-
actions on a curvilinear shell

The surface parametrization ¢(z1, ) induces the natural tangential basis g, = 0,¢
with the corresponding metric tensor elements g.g = g, - gs. Here, o, 8 = 1,2 and
Oy = O,. As the vectors g, are orthogonal, one can introduce the orthonormal
basis {e1, e2,n} with

ea= -2 n=e xe. (A.1)
Yoo

Using the GauB-Godazzi formula and Weingarten’s equation [55,56] one can obtain
the following differential properties of the basis vectors

Vaeﬁ = haﬁn — QQG@Y@V, Van = —hageg. (A2)

Here, V, = (gaa)fl/ ? 9, (no summation over a) are components of the surface del
operator and ||hagl is a modified second fundamental form. The second fundamental
form determines the Gaufl curvature 2" = det || hos|| and the mean curvature # =
tr||has||. Components of the spin connection vector €2 are determined by the relation
Q,y = 5604/3804 . Vveﬁ.

Using curvilinear reference frame (A.1), we introduce the following magnetization
parametrization

m =sinfe +cosfn, e=cosge; +singey, (A.3)

where 6 and ¢ are magnetic angles, and € is a normalized projection of the vector
m on the tangential plane.

The first term in (1) is the exchange density & = >, . (9;m)* with of the ex-
change constant. In the curvilinear reference frame exchange energy can be written
as [45,49, 53]

E =VomsVomsg +Vom,V,m,
+2hap (MeVomy, —m,Vomg) + 2€,50,mgV.m, (A.4a)
+ (havh%g + 925a5) mamg + (%2 — 2%/) mi + 2€q,hyQ28mam,.

8



SciPost Physics

Using the angular parametrization (A.3) one can obtain [45,49,53]
& = [V T + [sinf (Vo — Q) — cos 09,7, (A.4b)

where I' = || hos| - €.

The second term in (1) corresponds to the Dzyaloshinskii-Moriya interaction (DMI)
&y, with @ being the DMI constant. In the curvilinear frame of reference the Néel
type DMI &Y = m,V - m — m - Vm,, can be written as [45]

EN = m,Vame — maVam, — €a5Q0smam, — Hm?. (A.ba)

Using the angular parametrization (A.3) one can obtain (up to the boundary terms) [45,
46]
EY =2(V0-e)sin®§ — # cos® § + boundary terms, (A.5b)

while, for the Bloch type DMI symmetry &P = m - [V x m] this interaction in the
curvilinear reference frame reads as [50]

EY = €ap (M Vomg — mgVomy,) + €aghgymam, — Qamam,. (A.5¢)

Substituting the angular parametrization (A.3) into (A.5c) results in the expression
(up to the boundary terms) [50]

&% =sin*0 [2VO —T) x €] - n. (A.5d)

The last term in (1) corresponds to the uniaxial anisotropy &, = sin®#6, with
K > 0 the easy-normal anisotropy constant.

Parameterization ¢ (x1,z2) = Rcos (ps/R) & + Rsin (ps/R) gy + p. 2z results in the
following first and modified second fundamental forms

—cos?1)  costsin
cosysiny  —sin?e

1
9op = O, |hasll = = : (A.6)

respectively. Tubular geometry has zero Gaufl curvature # = 0, nonzero mean
curvature # = —R~! (here minus is related to the direction of the normal vector),
and zero components of spin connection vector €2 = 0.

B DMI induced periodical solution for a cylindrical surface

B.1 DMI of Bloch type

In this section we consider DMI in form 6, = €} which is defined in (A.5d). The
total energy density in (1) reads as

% - (60)2 + (6925)281“29%%008 (¢ +4) V6 -1

—23¢sin 6 cos Osin (¢ + 1) Ve - m + s [1 — sin? @sin? (¢ + @D)} + sin 6
+dsin? 0 [2 (¢, sin ¢ — ¢, cos @) + gsin2 (o + w)] , M =e;cosy — eysiny,
(B.1)

where s = (/R is a reduced curvature with ¢ = /sl /& being the magnetic length,
the operator V acts on the dimensionless curvilinear coordinates &, = x,/¢, and
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d=D/VAZX is a reduced DMI strength. The equilibrium values of 6, ¢, and v are
determined by the equations

15E ~ . il 2 ) . —
555 = —A0+sindcosd (V¢) + 1| + 2s¢sin® Osin (¢ + ¥) Vo -
~ 1
— 2% sin 6 cos 6 sin® (¢+¢)—d[sin29V¢-e—Z%sin2951n2(¢+w) =0,
10F = -2 e . © 2 e 2 .. 92 .
5%:_V. [sm 0V¢} — 238in (¢ + ¢) sin“ 0 VO - m — 3 sin” Osin (¢ + 1) cos (¢ + )

+dsin? 6 [69-€+gcos2(¢+¢)] =0,

ii—i = —0¢, sin (¢ + 21) — O, cos (¢ + 2¢) — % sin 26 [pg, cos (¢ + 2¢0) — g, sin (¢ + 2¢)]

—sin? @ sin (¢ + ) cos (¢ + ) +gsin290052(q5+@/)) = 0.
(B.2)

Here V,, = (V, = O, and A =V2

Equations (B.2) have a trivial solutions # = 0 and § = 7, which corresponds
to the uniform magnetization distribution in the curvilinear reference frame, i.e.
m = +n, with energy (2).

We also found an inhomogeneous solution (3) with ¢ = ¢f = const:

xsgn(d) S = — d
Vo + &> V2[E 45 (e 4 Vo T B)]

Note that for the case d > 0 one has —7/4 < ¢® < 0 and ¢ = 7 — 2¢p®. While
for the case d < 0 one has 0 < ¢® < /4 and ¢j = —2¢°. The magnetic angle 6 is
defined by the equation (4) with the solution (5).

Energy as a function of DMI strength for Bloch DMI for different ¢ is plotted in
Fig. 4(a).

cos ¢y = —

(B.3)

B.2 DMI of Néel type

Here we consider DMI in form 6, = €} which is defined in Eqgs. (A.5a) and (A.5b).
The total energy density in (1) reads as

N2 _ N2 _ -
; = <V6> + <V¢> sin? @ + 2s¢cos (¢ + ) VO -1 — 2s¢sinf cos O sin (¢ + ) Vo - m
4+ [1 —sin®fsin® (¢ + ¥)] +d [2 (69 : e) sin® @ + sccos 0| + sin® 6.

(B.4)
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Figure 4: (Color online) Energies of the cylinder with s = 0.25 for Bloch (a) and Néel (b)
DMI types.

The equilibrium values of 6, ¢, and v determined by the equations

10E < . = \?2 L2 =
5@:—A0—1—sm90089 (ng) + 1| + 2ssin“Osin(¢p+ ) Vo - n
—3*sinf cos Osin? (¢ + ) — d [sin296¢- g—; + xsinfcosf| =0,
%55—? - _V. [Sin296¢} — 23¢5in (¢ + ) sin? O VO - m — > sin? O sin (¢ + 1) cos (¢ + )
+dsin®ove - §—¢:O,
1 0E 1. :
T 5o = e in (0+ 20) = ey 008 (6 26) 550120 6, €08 6+ 20) = g sin (0 +20)

—s¢sin? @sin (¢ + 1) cos (¢ + ) = 0.
(B.5)

Equations (B.5) have a trivial solutions § = 0 and § = 7w, which corresponds to the
hedgehog state m = +n, i. e. the homogeneous magnetization distribution in the
curvilinear reference frame; the energy of the hedgehog state is described by Eq. (9).
We also found an inhomogeneous solution with ¢ = ¢y = const, see (10), and
magnetic angle 6 defined in (5).
Energy as a function of DMI strength for Néel DMI for different ¢ is plotted in
Fig. 4(b).
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C Details of the spin-lattice simulations

In order to verify our analytical calculations we perform a set numerical simulations
for a ferromagnetic cylindrical surface. We consider a cylindrical surface as a square
lattice with lattice constant a. Each node is characterized by a magnetic moment
mp(t) which is located at the position r,(t). Here p = (4, j) is a two dimensional
vector which defines the magnetic moment and its position on the lattice with size
Ny x Ny (i € [1,Nq] and j € [1,Ny]). Magnetic moments are ferromagnetically
coupled. We are interested in the case when the system is a closed cylindrical
surface, hence we impose the periodical boundary conditions my, 11,5 = M ;) and
T(Ni+1,5) = T(1,j)- Lhe dynamics of magnetic system is govern by discrete Landau—
Lifshitz—Gilbert equations

dm, "
=m
dr P om,

. (1)

+amy, X {mp X —
omy,

where 7 = wyt is a reduced time with wy = pg|v0|Ms, « is a dimensionless damping
coefficients, and J# is a dimensionless energy normalized by poM?2. We consider
four contributions to the energy of the system

%:%+%+%+%DI- (C'Qa)
The first term in (C.2a) is the exchange energy

1 62
—== mp Mpis, (C.2b)

where § runs over nearest neighbours of the square lattice and ¢ = /A / (1o M?2).
The second term in (C.2a) is the anisotropy energy

_% S (mp - mp)?, (C.20)

where n,, is easy-normal axis vector at node with coordinate 7, and Q = 2% / (uoM?2)
is a quality factor [38].
The third term in Eq. (C.2a) is a DMI energy

\/ Q A Zd 5 mp X mpis], (C.2d)

where d,s is a DMI vector. For the case of Néel DMI d, 5 = mp X ups with
Ups = (Tprs — Tp) /a being a unit vector which connects two nearest neighbors. For
Bloch DMI symmetry we have d, s = ups. Parameter A = {0,1} defines whether
long range dipole-dipole interaction is present or not, i.e. A = 0 corresponds to
simulations without dipole-dipole interaction and A = 1 vice versa.
The last term in Eq. (C.2a) is a long range dipole-dipole interaction
Aa_3 my-mp , (Myp - Tpb) (M - Tpb)
3 5
8 pb |7pb| |7po|
p7b

%DI =

: (C.2¢)
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Figure 5: (Color online) Equilibrium states in tubular shells with dipole-dipole
interaction: (a) and (b) show phase diagrams of equilibrium states in tubular shell with
Bloch and Néel type DMI, respectively. Symbols display the results of spin-lattice simula-
tions: circles — normal (hedgehog) magnetization distribution (m = £n); other symbols
— periodic states (purple diamond correspond to states with ¢ > 3). Blue solid lines in (a)
and (b) are analytical critical lines determined by Egs. (8) and (12), respectively; dashed
lines in (a) and (b) mark transitions between the periodic equilibrium states with different
number of DWs, as determined by numerical solution of equations €5 (¢) = €5 (¢ + 1)
and €Y (q) = €5 (¢ + 1): ¢ = 1 corresponds to red dashed line, ¢ = 2 — green. Dashed
black horizontal lines correspond to critical DMI parameter in a flat systems dy = +4/7.

where rp, = 1, — T
For analytical calculations the dipole-dipole effects can be approximated by a
simple redefinition of the anisotropy constants, leading to a new magnetic length,

K — KT =K — ApogM?/2,

[ s [2

eff _

b= 0= g = b QN (C.3)
)

d— df =

VAK

The dynamical problem is considered as a set of 3N; N, ordinary differential
equations (C.1) with respect to 3N; Ny unknown functions my(7), my(7), ma(7).
For given initial conditions, the set of time evolution equations (C.1) is integrated
numerically using Runge-Kutta method in Python. During the integration process,

the condition |m,(7)| = 1 is controlled.

C.1 Simulations of tubes without dipole-dipole interaction (A = 0)

We considered cylinders with N; = 300a and Ny = 900a, quality factor @) = 2 (cor-
respond to ¢ = /), the magnetic length ¢ € [4.5a,34.5a] with A¢ = 3a, and DMI
constant d € [—2,2] with Ad = 0.1. We simulate numerically Landau-Lifshitz—
Gilbert equations (C.1) in the overdamped regime (o = 0.1) during a long-time
interval A7 >> (awg) "
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Figure 6: (Color online) Phase diagrams of equilibrium states in nanotube with
Bloch type DMI. (a), (b), and (c) are phase diagrams of equilibrium states in nanotube
with Bloch type DMI: (a) and (d) FeGe epitaxial film with @ ~ 26.3; (b) and (e) ar-
tificial material with @ = 2; (¢) and (f) Pt/Co/AlOx layer structure with Q ~ 1.71.
In (a)-(c) symbols display the results of full-scale micromagnetic simulations: circles
— normal (hedgehog) magnetization distribution (m = 4n); other symbols — periodic
states (purple diamond correspond to states with ¢ > 3). Blue solid line is analytical
critical line determined by Eq. (8); dashed lines mark transitions between periodic equi-
librium states with different number of DWs, as determined by numerical solution of
energies equality €5 (¢) = €5 (¢ + 1): ¢ = 1 corresponds to red dashed line, ¢ = 2 —
green. Dashed black horizontal lines correspond to critical DMI parameter in a flat sys-
tems dy = £4/m. (d)-(e) are periods Ty /Ty = | cos¥®| of mgnetization structure in tube
with 3¢ = 0.72, 5 = 0.71, and s ~ 0.78, respectively.

We performed a set of simulations for various ranges of magnetic and geometri-
cal parameters. We simulate Egs. (C.1) as described above for eight different initial
states, namely, the normal, ¢g-domain walls with ¢ = {2,4,6,8,10}, and two random
states. The final static state with the lowest energy is considered to be the equilib-
rium magnetization state. We present simulation data in Figs. 2 and 3 by symbols
together with theoretical results (plotted by lines).

C.2 Simulations of tubes with dipole-dipole interaction (A = 1)

We considered cylinders with N; = 200a and Ny = 600a, quality factor @) = 3 (cor-
respond to £°T = £,), the magnetic length ¢°T € [3a,23a] with AT = 4a, and DMI
constant d°f € [~1.2,1.2] with Ad®T = 0.2. The simulations are performed in the
same way as described in Sec. C.1.

We present simulation data in Fig. 5 by symbols together with theoretical results
(plotted by lines).
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D Details of full-scale micromagnetic simulations

The micromagnetic simulations were performed with the OOMMEF code [57] sup-
plemented with the extension for the DMI in cubic crystals [58]. Four magnetic
interactions were taken into account, namely exchange, magnetostatic, DMI, and
uniaxial anisotropy contributions. We used the parameters for the epitaxial FeGe
film [39,59]: exchange constant o = 8.78 x 107'? J/m, saturation magnetization
M, = 1.1 x 10° A/m, easy-normal anisotropy & = 2 x 10° J/m3, and DMI constant
P € [-1.5,1.5] x 1072 J/m?. This material parameters results in a quality factor
Q) ~ 26.3 and effective magnetic length (" ~ 6.76 nm. We considered magnetic
nanotubes with fixed length L = 500 nm and thickness h = 4 nm. The inner radius
of tubes was in the range R € [7,66] nm, which results in the dimensionless curva-
ture 3 = (*T/ (R + h/2) ~ [0.1,0.73] (we considered surface between the outer and
inner radii). The mesh size of 0.5 x 0.5 x 0.5 nm? is used in our simulations.

The simulations are performed in the same way as described in Sec. C.1. Results
of numerical simulations are presented in Fig. 2 and Fig. 6(a),(d) by symbols.

D.1 Full-scale micromagnetic simulations with small quality factor

Additionally we performed simulations for systems with small quality factor:

e We used the following artificial material parameters: exchange constant of =
5m x 107'% J/m, saturation magnetization M, = 5 x 10° A/m, easy-normal
anisotropy K = 7 x 10° J/m3, and DMI constant & € [-1.9,1.9] x 1073
J/m?2. This material parameters results in a quality factor Q = 2 and effective
magnetic length ¢ = 10 nm. We considered magnetic nanotubes with fixed
length . = 500 nm and thickness A~ = 4 nm. The inner radius of tubes
was in the range R € [12,48] nm, which results in the dimensionless curvature
s =T/ (R+ h/2) ~ [0.2,0.71] (for the mid-cylinder surface between the outer
and inner radii). The mesh size of 1 X 1 x 1 nm?® is used in our simulations.

Results of numerical simulations are presented in Fig. 6(b),(e) by symbols.

e We used the material parameters of Pt/Co/AlOx layer structure [45]: exchange
constant o = 1.6 x 107" J/m, saturation magnetization M, = 1.1 x 10°
A/m, easy-normal anisotropy & = 1.3 x 10° J/m?, and DMI constant & €
[—3.6,3.6] x 1073 J/m?. These material parameters result in a quality factor
Q) ~ 1.71 and effective magnetic length ¢~ 5.44 nm. We considered magnetic
nanotubes with fixed length L = 500 nm and thickness h = 2 nm. The
inner radius of tubes was in the range R € [6,25] nm, which results in the
dimensionless curvature s = (°%/ (R + h/2) ~ [0.21,0.78] (for the mid-cylinder
surface between the outer and inner radii). The mesh size of 0.5 x 0.5 x 0.5

nm? is used in our simulations.

Results of numerical simulations are presented in Fig. 6(c),(f) by symbols.
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