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The bulk helimagnet Cu2OSeO3 represents a unique example in the family of B20 cubic helimagnets
exhibiting a tilted spiral and skyrmion phase at low temperatures when the magnetic field is applied along the
easy 〈001〉 crystallographic direction. Here we present a systematic study of the stability and ordering of these
low-temperature magnetic states. We focus our attention on the temperature and field dependencies of the tilted
spiral state that we observe persisting up to above T = 35 K, i.e., up to higher temperatures than reported so
far. We discuss these results in the frame of the phenomenological theory introduced by Dzyaloshinskii in an
attempt to reach a quantitative description of the experimental findings. We find that the anisotropy constants,
which are the drivers behind the observed behavior, exhibit a pronounced temperature dependence. This explains
the differences in the behavior observed at high temperatures (above T = 18 K), where the cubic anisotropy is
weak, and at low temperatures (below T = 18 K), where a strong cubic anisotropy induces an abrupt appearance
of the tilted spirals out of the conical state and enhances the stability of skyrmions.

DOI: 10.1103/PhysRevResearch.5.033033

I. INTRODUCTION

Chiral cubic magnets are at the focus of scientific in-
terest as they are the first systems where chiral magnetic
skyrmions have been reported [1–4]. These bulk helimag-
nets host a set of competing interactions: in decreasing
order of magnitude, the magnetic exchange interaction, the
Dzyaloshinskii-Moriya interaction (DMI), and smaller terms
of the magnetic anisotropy. The fine interplay between these
energies determines the characteristics of the magnetic field
(H) and temperature (T ) phase diagrams of these materials,
all showing similar features. Below the ordering temperature
TC the magnetic ground state involves a long-range modu-
lation of the magnetization. For zero applied magnetic field
this ground state consists in a multidomain of spirals with
a pitch LD determined by the ratio between the exchange
and DMI energies. In addition to these interactions, for cubic
helimagnets, the exchange and cubic anisotropies are respon-
sible for pinning the propagation vector of the spirals along
specific directions [1,4,5]. With increasing field, however, the
modulation direction of all spirals aligns along the direction
of the applied field [6–9]. In this set of materials, skyrmions
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arranged in hexagonal lattices are spontaneously stabilized by
thermal fluctuations [1,10] in a small region of the H-T phase
diagram, just below TC , commonly referred to as the skyrmion
pocket.

Given the reduced size of the skyrmion pocket, a great deal
of effort has been directed towards the engineering of its size
and position to enable future skyrmionic applications. In this
context, the application of uniaxial strain [11,12], hydrostatic
pressure [13,14], electric fields [15–18], and chemical doping
[19,20] are all viable ways to modify the skyrmion pocket
extension and position.

However, several theoretical models predict the stabiliza-
tion of skyrmions in bulk cubic helimagnets over a wide range
of temperatures below TC [21–25], and not only in a small
region of the phase diagram. In particular, low-temperature
skyrmions (LTS) have been recently observed in Cu2OSeO3,
accompanied by tilted spirals (TS) [26–29], when the mag-
netic field is applied along the easy 〈100〉 crystallographic
direction. That particular behavior can be traced back to
the quantum-mechanical character of the magnetic building
blocks of Cu2OSeO3. These are tetrahedra formed by four
Cu2+ with S = 1

2 [30] leading to a particularly strong interplay
between the effective single-ion and exchange anisotropies
[26]. Through this mechanism, skyrmions, which are more
resilient to anisotropy-induced deformations, due to their two-
dimensional nature, gain stability [27,29]. The tilted spiral
state results from the interplay between cubic and exchange
anisotropies and spans a wide range of temperatures, for
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magnetic fields between HC1 and HC2, which mark the transi-
tion between the helical and conical states, and the conical and
uniformly magnetized, field-polarized, states, respectively.

In the following we present a systematic study of the sta-
bility and ordering of the low-temperature magnetic states in
bulk Cu2OSeO3 that complements previous theoretical and
experimental findings [26–29] as we focus on the temperature
and field dependencies of the TS state. We find that the reduc-
tion of the tilting angle with increasing temperature persists
up to much higher temperatures than reported so far, and it is
seen as a broadening of the conical scattering. Furthermore,
our results show that the transition from the conical to the
tilted spiral state changes with temperature, from second order
above 18 K to first order at lower temperatures.

We discuss these results in the frame of the phenomenolog-
ical theory introduced by Dzyaloshinskii [31], which captures
the main features of our experimental findings. As compared
with previous work, we go a step further towards a quantitative
comparison between model and experiment. This leads to the
conclusion that the anisotropy constants, which are the drivers
behind the observed behavior, exhibit a pronounced tem-
perature dependence explaining the difference between the
high-temperature (low cubic anisotropy) and low-temperature
(high cubic anisotropy) behavior, separated at the temperature
of 18 K, which corresponds to a critical point of our model.
Our approach provides a strategy for an in-depth and quantita-
tive understanding of chiral magnets in view of tailoring their
properties for future applications.

II. EXPERIMENTAL DETAILS

The small-angle neutron scattering measurements were
performed at the D33 instrument of the Institut Laue Langevin
(ILL), using a wavelength of λ = 0.8 nm, with a resolution
�λ/λ of 10%. The sample to detector distance was 12.8 m
and the sample was the same single crystal of Cu2OSeO3

used in our previous work [26,29]. The sample was glued
on an Al support with the [11̄0] main crystallographic direc-
tion vertical. It was placed inside an Oxford Instruments 7-T
horizontal-field cryomagnet, which was demagnetized at the
beginning of the measurements so that the remanent field was
less than 0.1 mT. The cryomagnet was equipped with sapphire
windows, each with an opening of ± 7◦, 90◦ apart from each
other, which allowed for applying the magnetic field μ0H
either perpendicular or parallel to the incident neutron beam
wave vector ki.

Our SANS measurements were performed in the config-
uration schematically shown in Fig. 1(a), with μ0H ‖ [001]
and μ0H ⊥ ki. As discussed below, this configuration allows
for following the evolution of the helical, conical, and tilted
spiral Bragg peaks as well as of the skyrmionic scattering
when varying the temperature and the magnetic field. In order
to determine the scattered intensities associated with these
different phases we performed rocking scans by rotating both
sample and field around the vertical [11̄0] axis in steps of 1◦,
so that μ0H was always parallel to [001]. Due to the limited
opening of the cryomagnet windows these scans covered the
angular range of ± 7◦. At each temperature and magnetic field
the SANS patterns were obtained by summing the intensities
of all rocking scans. For the background correction we used

FIG. 1. (a) Schematic representation of the experimental setup,
with the [11̄0] crystallographic axis vertical and perpendicular to
the incoming neutron beam propagation vector ki ‖ [110], and to
the magnetic field μ0H, which was applied along [001]. (b) Phase
diagram of Cu2OSeO3 for H ‖ [001] (after [26,29]) and schematic
representation, by the green arrows, of the experimental procedure
used for the SANS measurements. In step 1 the sample was brought
to each temperature of interest after zero-field cooling (ZFC) through
TC . Consequently, the magnetic field was increased up to 74 mT,
crossing the critical field lines μ0HC1, from the helical (H ) to the con-
ical (C) phase, and μ0HC2 from the conical to the field-polarized (FP)
state (step 2). The measurements were then performed by stepwise
decreasing the magnetic field to −74 mT (step 3). The figure also
depicts in red the boundaries of the A phase, i.e., the pocket near TC

where the skyrmion lattice phase is stabilized.

data collected under similar conditions at 10 K and under an
applied magnetic field of 2 T.

The measurements were performed using the procedure il-
lustrated by the green arrows in Fig. 1(b). In this figure are also
shown the transition lines from the helical to the conical phase
μ0HC1, from the conical to the field-polarized phase μ0HC2,
as well as the A phase, corresponding to the skyrmion lattice
pocket. We used the zero-field-cooled, or ZFC, procedure,
by bringing the sample to each selected target temperature
after cooling it through TC ∼ 59 K under zero magnetic field
(i.e., under the residual magnetic field of the cryomagnet).
Consequently, the magnetic field was increased to 74 mT at
2 K, i.e., well above μ0HC2. The measurements were then
performed by stepwise decreasing the magnetic field down
to −74 mT. The starting and ending values of the magnetic
field scans were adjusted to be well above μ0HC2 at each
target temperature. The magnetic fields have been corrected
for demagnetization effects assuming a demagnetization
factor of 1

3 .
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FIG. 2. (a), (b) Show SANS patterns recorded at T = 2 K for selected fields using the protocol schematically depicted in Fig. 1. The
arrows above the SANS patterns indicate the direction of change of the magnetic field. The red arrow in the μ0H = 57 mT panel indicates the
direction of the applied magnetic field, while ki indicates the direction of the incoming neutron beam. The field dependence of the integrated
intensities of the conical (C) and helical (H ), TS, and skyrmion peaks are shown in (c), (d), and (e), respectively. The corresponding values of
τ are provided in (f), and (g) shows the azimuthal position of the conical and helical and TS Bragg spots. In (c)–(g) the horizontal dashed lines
indicate the critical fields μ0HC1 and μ0HC2, respectively. The green dashed lines in (d) stand for μ0HTS

cr .

III. EXPERIMENTAL RESULTS

Figures 2 and 3 show SANS patterns collected for μ0H ‖
[001] at T = 2 and 18 K, respectively, following the measure-
ment procedure illustrated by Fig, 1(b) (for other temperatures
the reader is referred to the Appendix, Figs. 9–11). In these
figures, the upper rows [respective panels (a)] show SANS
patterns recorded by reducing the magnetic field from well
above μ0HC2 to zero. The direction of the magnetic field was
subsequently reversed and the patterns of the middle rows
[respective panels (b)] were recorded for negative fields. The
sequence of the magnetic field change is illustrated by the
green arrows above the corresponding SANS patterns and
for the sake of comparison, patterns measured for positive
magnetic fields are shown above the corresponding pattern for
negative fields. This representation highlights the impact of
the direction of change of the magnetic field on the observed
behavior. A comparison of Figs. 2 and 3 shows that at T = 2 K
and at intermediate field strengths the SANS patterns strongly
depend on the magnetic field sign whereas this effect vanishes
at T = 18 K.

Panels (c), (d), and (e) of Figs. 2 and 3 show the inte-
grated intensities of the conical and helical, tilted spiral, and
skyrmionic states, deduced from the fitting each scattering
spot/peak by a Gaussian function. This fit also provides the
characteristic wave numbers τ = 2π/LD, with LD the period-
icity of the respective modulations, depicted in (f), as well as
the tilting angle of the TS state, reported in (g).

The moduli of the critical fields μ0HC2 and μ0HTS
cr of

the transition between the field-polarized state on one side
and the conical and tilted spiral states on the other side, are
estimated from the respective integrated intensities. Within the
experimental accuracy these fields correspond to the turning
point (ideally the maximum of the second derivative) of the
intensity versus magnetic field curves. At 2 K the values of
both μ0HC2 and μ0HTS

cr are about 10% higher for the positive
than for the negative fields. These differences, which are char-
acteristic of first-order transitions, decrease with increasing
temperature and vanish above ∼20 K.

We will in the following look more closely to the evolution
of the scattering at T = 2 K. The patterns collected for high
and low fields do not depend on the direction of the magnetic
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FIG. 3. (a), (b) Show SANS patterns recorded at T = 18 K for selected fields using the protocol schematically depicted in Fig. 1. The
arrows above the SANS patterns indicate the direction of change of the magnetic field. The red arrow in the μ0H = 57 mT panel indicates the
direction of the applied magnetic field, while ki the direction of the incoming neutron beam. The field dependency of the integrated intensities
of the conical (C) and helical (H ), TS, and skyrmion peaks are shown in (c), (d), and (e), respectively. The corresponding values of the
characteristic wave numbers τ are provided in (f), and (g) shows the azimuthal position of the conical and helical and TS peaks. In (c)–(g) the
horizontal dashed lines indicate the critical fields μ0HC1 and μ0HC2, respectively. The green dashed lines in (d) stand for μ0HTS

cr .

field. At the high-field limit, for μ0H = ±55 mT, the modulus
of the magnetic field exceeds μ0HC2, driving the system to the
field-polarized state, where the magnetic moments are aligned
along the magnetic field and the SANS intensity vanishes. At
the low-field limit, where μ0H = ±7 mT, the magnetic field
modulus is less than μ0HC1. Thus, the SANS patterns corre-
spond to the helical state, where the spirals are oriented along
the equivalent 〈001〉 directions imposed by cubic anisotropy.
For the specific sample orientation, only the helical domains
aligned along [001] produce scattering, seen as two Bragg
peaks in the horizontal direction. In this configuration the
Bragg peaks of the helical (e.g., at μ0H = 0) and the conical
states appear at the same positions on the detector and cannot
be distinguished from each other. In the intermediate magnetic
field region, with μ0HC1 � |μ0H | � μ0HC2, additional inten-
sity appears besides the conical Bragg peaks, indicating the
skyrmionic (Sk) and tilted spiral (TS) scattering. The former is
confined in the plane perpendicular to μ0H and appears as two
spots along [11̄0], while the latter consists of four Bragg spots,
two around each conical Bragg peak position, from which they

are separated by a tilting angle α = �φ, with φ the azimuthal
angle. The TS state is almost unaffected by the change of
direction of the applied magnetic fields, while both the conical
and skyrmionic states are strongly affected by it. This effect
can be observed in the integrated intensities reported in (c),
(d), and (e) of Figs. 2 and 3 for the conical and helical, TS,
and LTS states.

The integrated intensity of the conical peaks is higher for
the negative magnetic fields than for the corresponding posi-
tive fields. This disparity is due to the different profiles of the
rocking curves, that could not be fully probed because of the
limited rocking curve measurement range discussed before.
Moreover, a small shift of the rocking curves’ center was
observed between positive and negative fields. In combination
with the wide profile of the rocking curves, this could partially
explain the observed intensity differences.

As shown in Fig. 2(d), the tilted spiral scattering appears
around μ0HC2, the intensity increases as the magnetic field
is decreased, peaks just before μ0HC1, and then decreases
sharply and disappears at μ0HC1. The tilted spiral intensity is
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recovered when reversing the magnetic field. This scattering
thus does not depend on the magnetic history, in contrast, to
the intensity of the skyrmionic scattering, shown in Fig. 2(e).
With decreasing the magnetic field, the skyrmionic scatter-
ing appears just below μ0HC2, reaches its maximum value
around μ0HC1, and persists even in the helical state, where the
intensity decays and disappears just before reaching μ0H =
0 mT. However, when the field direction is inverted, this
scattering emerges only after crossing −μ0HC1 and almost
together with the TS peaks. Like all other contributions, this
scattering also disappears as −μ0HC2 is approached.

The changes in the scattering discussed above also affect
the characteristic wave numbers of the modulations. Near
μ0HC2, as the field decreases following the measurement
procedure discussed before, the wave number of the conical
scattering, shown in Fig. 2(f), first slightly decreases and
then increases reaching its maximum value of 10.11(1) ×
10−4 nm−1 at μ0H = 0 mT. A symmetrical behavior is ob-
served when the magnetic field direction is inverted and the
field intensity increased. Similar values and a similar symmet-
rical behavior, with respect to the magnetic field direction, are
also found for the wave number of the tilted spiral scatter-
ing. Also, this wave number increases with decreasing field
intensity from 9.34(2) × 10−4 nm−1 at μ0HC2 to 9.78(1) ×
10−4 nm−1 at μ0HC1 where it reaches its maximum. The
wave numbers of the skyrmionic scattering are significantly
lower than those of the other two contributions, as seen, e.g.,
in the SANS patterns for μ0H = ±43 mT. At high positive
magnetic fields we find values as low as 7.63(6) × 10−4 nm−1

which, however, quickly increase with decreasing field, tend-
ing towards the wave numbers of the other contributions
and reaching a maximum of 9.98(6) × 10−4 nm−1 at μ0H =
13 mT. As the field direction is inverted, and the skyrmionic
scattering reappears just below |μ0HC1|, its wave number
takes values comparable, and even lower, to those found for
high positive fields.

Finally, Fig. 2(h) depicts the field dependency of the az-
imuthal position of the tilted spiral and conical peaks. The
latter remain in the same angular position, at ≈90◦, for all
magnetic fields. At the same time, with decreasing the in-
tensity of the magnetic field, the position of the TS peaks
oscillates and drifts towards the position of the conical and
helical peaks. However, these peaks do not merge with the
conical peaks but disappear abruptly at |μ0HC1|, indicating a
discontinuous transition.

The same measurements have been performed at different
temperatures, and the effect of increasing temperature be-
comes visible at the scattering patterns obtained for T = 18 K
shown in Fig. 3. At this temperature the skyrmionic scatter-
ing is considerably weaker than at T = 2 K. At the same
time the tilted spiral peaks almost merge with the conical
ones and their discrimination becomes difficult, which af-
fects the resulting integrated intensities displayed in Figs. 3(a)
and 3(b), as well as the deduced azimuthal angles shown in
3(h). At this temperature, the effect of magnetic history on
the SANS patterns is almost negligible with the exception
of the skyrmionic scattering, which appears over a narrower
magnetic field range than at 2 K, as shown in Fig. 3(c),
and does not persist into the helical phase when the mag-
netic field is decreased from μ0HC2 down to zero. On the

other hand, the wave numbers of the different contribu-
tions to the scattering and their magnetic field dependence,
shown in Figs. 3(d) and 3(e), are very similar to those
found at 2 K.

The most striking difference between 2 and 18 K is in
the magnetic field dependence of the azimuthal position of
the tilted spiral scattering depicted in Fig. 3(h). Despite the
difficulty in discriminating the peaks, there is a clear indi-
cation for a gradual merging of the tilted spiral and conical
and helical spots with decreasing |μ0H |, in contrast to the
abrupt change found at 2 K. The way the tilted spiral peaks
emerge out of the conical and helical scattering as a function
of magnetic field and temperature is illustrated in the contour
plots of the scattered intensity versus magnetic field and az-
imuthal angle shown in Fig. 4. At T = 2 K the tilted spiral
scattering appears in an abrupt, stepwise, manner and is well
separated from the conical and helical peaks that are centered
at φ = 0◦ and 180◦. As the temperature increases, the angular
separation between the conical and helical and the tilted spiral
peaks decreases and the transition becomes gradual. Already
at 18 K it is almost impossible to separate the peaks from each
other and at higher temperatures the tilted spiral phase appears
as a broadening of the helical and conical peaks, an effect that
spans the whole conical phase and persists up to above 35 K
(see Appendix, Fig. 12), the highest temperature where our
measurements have been performed.

Figure 5 shows the contour plots of the intensities deduced
from our fits: the conical intensity (along [001]) is shown in
Fig. 5(a) and vanishes above μ0HC2. The TS intensity shown
in Fig. 5(b) persists slightly above the μ0HC2 and disappears
for field intensities lower than μ0HC1. The patterned area in
this panel identifies the region where it was impossible to
distinguish between the conical and TS states. The magnetic
field and temperature dependence of the skyrmionic intensity
are shown in Fig. 5(c). This intensity is more extended in the
positive field region, where it is present also below μ0HC1,
compared to the negative fields, where it appears confined
between −μ0HC1 and −μ0HC2. This highlights the highly
hysteretic behavior of this scattering.

IV. PHENOMENOLOGICAL MODEL

In the following we discuss these results in the frame of the
phenomenological theory introduced by Dzyaloshinskii [31].
The magnetic energy density of a bulk noncentrosymmetric
ferromagnet with spatially dependent magnetization vector M
can be written as

W0(m) = A
∑
i, j

(
∂mj

∂xi

)2

+ D wD(m) − μ0M0m · H, (1)

where A and D are the coefficients of the exchange
and Dzyaloshinskii-Moriya interactions, respectively; m =
M/M0 = (sin θ cos ψ ; sin θ sin ψ ; cos θ ) with M0 = 111.348
kA/m the saturation magnetization at T = 0 K; H =
(0, 0, H ) is the applied magnetic field and xi are the Cartesian
components of the spatial variable. We will also express our
results as a function of the reduced magnetic field h = H/HD

with μ0HD = D2/(AM ).
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FIG. 4. Contour plots of the scattered intensity recorded between Q = 0.05 and 0.013 nm−1 as a function of the polar angle φ and the
magnetic field for the temperatures, where measurements were performed.

The functional wD is composed of Lifshitz invariants
L(k)

i, j = mi∂mj/∂xk − mj∂mi/∂xk that are energy terms involv-
ing first derivatives of the magnetization with respect to the
reduced spatial coordinates (normalized to the lattice constant
a). Consequently, the sign of D determines the sense of the
magnetization rotation.

W0(m) includes only basic interactions essential to sta-
bilize skyrmion and helical states and specifies their most
general features attributed to all chiral ferromagnets. Our
calculations are performed for cubic helimagnets with wD =
m · ∇ × m. However, the results are of more general validity
and may be applied to magnets with other symmetry classes
[21] including different combinations of Lifshitz invariants.

For cubic helimagnets, the isotropic energy density given
by Eq. (1) is usually supplemented by the exchange and cubic
anisotropic contributions [5,30]

�a = bea(T )
∑

i

(∂mi/∂xi )
2 + kc(T )

∑
i

m4
i , (2)

where bea = Bea/A and kc = KcA/D2 are the reduced ex-
change and cubic anisotropy constants, respectively, which
are in general temperature dependent. The constants kc and
bea are typically one order of magnitude smaller than the
exchange stiffness A. Nevertheless, they play an important
role in the stabilization and control of tilted spiral states.
Furthermore, the cubic anisotropy can explain the stability of
the low-temperature skyrmion phase in Cu2OSeO3 [29].

For a more direct comparison between experiment and the-
ory we will in the following discuss the results of simulations
obtained for kc > 0 with easy 〈001〉 axes, which correspond
to the case of Cu2OSeO3), and bea < 0 with easy 〈111〉 axes.

Details on the energy minimization procedure are provided in
the Appendix.

In our model the tilted spiral state is found only for h ‖
〈001〉, in agreement with experiment. Figures 6(b) and 6(c)
show color plots of the my magnetization component in both
conical and tilted spirals. The dependence of the spiral en-
ergy on the tilt angle α with the spiral propagation vector Q
varying in the (11̄0) plane is shown in Figs. 6(d) and 6(e) for
two sets of anisotropy constants and for several field values:
6(d) kc = 0.1, bea = −0.1; 6(e) kc = 0.15, bea = −0.15. In
the first case, for kc = 0.1 in Fig. 6(d), Q smoothly moves out
of the field direction. Indeed, the energy difference between
the conical state (energy maximum) and a tilted spiral (energy
minimum) is very small, and the energy curve exhibits a
plateaulike behavior over the whole range where a tilted spiral
can be stabilized.

For a higher cubic anisotropy, kc = 0.15 in Fig. 6(e), how-
ever, there is a small energy barrier between the conical and
the tilted spirals (dotted line corresponding to h = 0.175),
which would lead to an abrupt change of the spiral wave
vector. Also in this case the energy minimum corresponding
to a tilted spiral is quite pronounced and develops within a
rather restricted field range from 0.17 to 0.18.

In view of these results the behavior of Cu2OSeO3, as
shown in Fig. 4, would indicate a temperature dependent
kc, the strength of which would decrease with increasing
temperature.

V. QUALITATIVE MODEL FOR Cu2OSeO3

For a more quantitative comparison of the model and
the experimental findings it is important to determine the

033033-6
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FIG. 5. (a)–(c) Contour plots of the intensities of the conical,
tilted spiral, and low-temperature skyrmionic scattering for H ‖
[001]. The black dots indicate the H -T points at which the mea-
surements were performed. The patterned area in (b) shows the
temperature and field region where the we observe a broadening of
the conical peaks and we cannot unambiguously discriminate the TS
from the conical peaks. The black and orange dotted lines indicate
μ0HC2 and μ0Hcr , respectively.

constants in Eqs. (1) and (2). For the most important Heisen-
berg exchange and Dzyaloshinskii-Moriya interactions, A =
−kBJ/a and D = kBDDM/a2, with a = 0.891 113 nm the lat-
tice constant, we adopt the values evaluated in Ref. [30],

where J = −11.19 K and DDM = −2.46 K were determined
using ab initio density functional theory calculations.

The important obstacle, however, lies in the determination
of the dimensionless anisotropy constants kc and bea, as they
usually appear together in the magnetization processes and
exhibit pronounced temperature dependencies.

In the following, we discuss a strategy that can lead to
a complete quantitative model for Cu2OSeO3. Figure 7(b)
shows that for a weak cubic anisotropy, e.g., for kc = 0.05,
and for sufficiently high values of |bea| there is an abrupt
transition between the conical phase, where α = 0 and the
tilted spiral phase, where spirals orient along 〈111〉. At a
higher value of kc = 0.1 and with increasing h [Fig. 7(c)] α

first increases reaching a maximal value of αmax before sub-
sequently decreasing back to zero. The value of αmax depends
on the ratio of the competing fourth-order cubic and exchange
anisotropies, and it is depicted in Fig. 7(g). As the modulus
of exchange anisotropy increases above the critical value of
0.14, the TS state is stabilized even at zero magnetic field.

By further increasing kc to 0.15, a qualitatively different
behavior sets in as shown in Fig. 7(d). In this case with in-
creasing magnetic field Q first jumps abruptly to a rather high
angle value of α, about 35◦ for bea = −0.15, and then stays
almost unchanged, forming a plateau, up to the critical field of
the first-order phase transition to the field-polarized state. This
behavior occurs even when the modulus of bea is smaller than
that of kc, e.g., for bea = −0.05. Furthermore, when plotting
αmax as a function of bea for fixed kc [see Fig. 7(g)] we find
another extended plateau connecting the conical phase for
low moduli of bea and the tilted spiral (along 〈111〉) for high
moduli of bea.

Figure 7(e) shows the stability areas of the conical and
tilted spirals for each value of the cubic anisotropy. The dotted
lines indicate hC2, the field of the first-order phase transition
between the conical and the field-polarized state, which de-
creases substantially with increasing kc. This figure illustrates
the strong dependence of the field range �hTS, over which
the TS is stabilized, on both kc and bea. This is also high-
lighted in Fig. 7(f), which depicts the ratio �hTS/hC2. Both
figures reveal that for kc < 0.1 the upper critical field of the
TS phase hTS

cr remains below hC2. For higher values of kc,
however, hTS

cr increases and even exceeds hC2. Thus, for the
highest moduli of bea, for which the lower critical field of the
TS phase vanishes, the ratio �hTS/hC2 may become higher
than 1. This is barely noticeable for kc = 0.1 but becomes
prominent for kc = 0.15. The tilted spiral can therefore transit
into the field-polarized state at higher fields than the conical
state, in agreement with our experimental observations for
T < 18 K (Figs. 2, 3, 5, and 8).

A similar change of behavior with increasing kc is also
found for the maximum tilt angles αmax. As shown in Fig. 7(g),
αmax strongly increases with increasing bea. However, for
kc = 0.15 this increase levels off around αmax ∼ 30◦, an effect
that becomes less and less visible with increasing kc and
disappears at a critical value of kc,cr ∼ 0.06 (see Fig. 13). For
kc < kc,cr one observes just a jump between the two angles
that correspond to the 〈001〉 and 〈111〉 crystallographic axes.

These results lead to the conclusion that kc,cr separates
a regime of weak cubic anisotropy (for kc < kc,cr), where
tilted spirals are experimentally barely distinguishable from
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FIG. 6. (a) Schematics of a coordinate system used in our numerical search for two-dimensional tilted spiral states. The energy density is
written in the coordinate system (x′, y′, and z′) and is minimized with respect to the angle α. (b), (c) Depict sketches of the one-dimensional
spiral states, cones (b) and tilted spirals (c), as well as the corresponding contour plots of the component my of the magnetization vector,
evaluated in the coordinate system (x, y, z). (d), (e) Show the energy density plotted as a function of the tilt angle α in the (11̄0) plane
for two representative sets of the anisotropy coefficients [(d) kc = 0.1, bea = −0.1; (e) kc = 0.15, bea = −0.15] and for several field values
highlighting the transition into the tilted spiral state.

the cones, from another one of strong cubic anisotropy (for
kc > kc,cr ) characterized by well-defined tilted spirals, which
appear abruptly out of the conical state and persist even
above hC2. We can thus explain the observed change of
behavior around 18 K by the change from weak to strong
cubic anisotropy regimes. As the nucleation of skyrmions
is assumed to be related to the stability of tilted spirals
[27,29,32], this change of behavior around 18 K would ex-
plain the increased stability of skyrmions at low temperatures.

Further comparison between model and experiment at low
temperatures leads to the following conclusions: (i) A value
of αmax ≈ 34◦, as observed experimentally at 2 K, cannot be
reached for kc = 0.1 because in that case with increasing |bea|
the spirals would jump towards the 〈111〉 directions before
reaching this angle. On the other hand, for kc = 0.15 this
angle is readily obtained and with a weak, plateaulike field
dependence for bea = −0.15. (ii) At low temperatures, our
experimental results show that the TS phase sets in over a
magnetic field interval �hTS/hC2 ≈ 0.59 which, as shown in
Fig. 7(f), leads to bea ≈ −0.18, which is consistent with the
estimated value for Zn-doped Cu2OSeO3 [33]. (iii) The rela-
tive difference δ = (hTS

cr − hC2)/hC2 is an additional parameter
that can be compared with experiment. However, as men-
tioned above, the experimental values of both critical fields
μ0HC2 and μ0HTS

cr depend strongly on the magnetic history.

At T = 2 K, we find δ ∼ 22% and ∼25% for positive and
negative fields, respectively, a value substantially higher than
∼2% derived from our numerical simulations. Furthermore,
the difference between μ0HC2 and μ0HTS

cr persists even at
T = 18 K (see Figs. 3 and 8), where we find δ ∼ 10 % and
∼17 % for positive and negative fields, respectively. This hys-
teretic behavior reflects the presence of potential barriers and
the first-order character of the phase transitions at hC2 and hTS

cr ,
respectively, and could be at the origin of the discrepancies in
the values of δ between model and experiment.

Our theoretical results for kc = 0.15 explain qualitatively
the following experimental observations at T = 2 K: (i)
The first-order phase transitions to the field-polarized state.
The first-order nature of these transitions is confirmed by the
coexistence of conical and tilted spiral states and the asym-
metry in the moduli of μ0HC2 and μ0HTS

cr between positive
and negative fields. (ii) The abrupt appearance of the tilted
spiral state. (iii) The values of the angles and the magnetic
field intervals over which the spiral canting sets in. We note
that the value of kc = 0.15 exceeds by a factor of 2 the value
of kc = 0.07 estimated by [28] from a comparison between
experiment and a model similar to ours but which included
dipole interactions and discarded exchange anisotropy.

With increasing temperature towards 18 K, kc decreases
and the first-order phase transition between the tilted spiral
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FIG. 7. Results obtained for H ‖ [001]. (a) Schematics of coexisting conical and tilted spiral states consisting of four energetically
equivalent domains canting towards the 〈111〉 directions. The magnetic field dependence of the tilt angle α is shown in (b), (c), and (d) for
cubic anisotropy values of kc = 0.05, 0.10, and 0.15, respectively, and for selected values of the exchange anisotropy bea. In (c), the tilted spiral
almost returns back to the direction of the field, whereas in (d) the spiral is deflected from the field by quite a large angle α and undergoes
a first-order phase transition to the field-polarized homogeneous state. For the same values of kc (e) shows a diagram depicting the stability
regions of the the conical and TS states. The dotted lines indicate hC2, which decreases with increasing kc. The lines are colored according to
the cubic anisotropy value just like the stability regions of the TS phase. The field range �hTS, over which the TS is stabilized, varies strongly
with both kc and bea. The ratio �hTS/hC2 as well as the maximum tilt angle αmax are plotted as a function of bea in (f) and (g), respectively.

and the field-polarized state becomes less obvious because
with increasing field the spirals smoothly slant away from the
cones and almost return back to them close to hC2. Such a

FIG. 8. Experimental and theoretical (absolute) values of μ0HC2

and μ0Hcr plotted as a function of temperature (top axis) and kc

(bottom axis), respectively. The blue and red data represent the
experimental values determined for positive (i.e., for decreasing
magnetic field strength) and negative (i.e., for increasing magnetic
field strength) fields, respectively.

behavior would correspond to kc = 0.1. As mentioned above,
this decrease of kc is consistent with the increase of the exper-
imentally observed values of μ0HC2. The ratio between the
μ0HC2 values at T = 18 and 2 K is about 1.3 and 1.2 for
positive and negative fields, respectively. Thus, if kc = 0.15
for T = 2 K, the corresponding value at T = 18 K would be
equal to kc,cr = 0.06. The behavior experimentally observed
for T > 18 K would therefore correspond to kc < kc,cr . How-
ever, as in the latter case the TS state does occur at zero field,
we deduce that bea > −0.08.

Our model thus captures the main features of the low-
temperature behavior of Cu2OSeO3. This is illustrated by
Fig. 8, which depicts the (absolute) values of μ0HC2 and
μ0Hcr , plotted as a function of temperature and kc for the
experimental and theoretical values, respectively.

A subsequent endeavor would be to construct a fully quan-
titative model for a bulk helimagnet Cu2OSeO3 by taking into
account experimental data for other field directions and pos-
sibly including dipole-dipole interactions. These have been
considered by [27,28] as demagnetizing corrections are im-
portant in Cu2OSeO3. On the other hand, the phenomena we
are discussing here have been reported consistently in the liter-
ature for different samples and with different shapes [26–29].
In addition, the temperature dependence of the magnetization
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below 30 K is very weak [26,34] in contrast to the observed
change in behavior in the same temperature range. We have
therefore disregarded these interactions in our model and used
this conventional approximation to accelerate the minimiza-
tion procedure for all states considered here.

VI. CONCLUSIONS

Our in-depth investigation by small-angle neutron scat-
tering and numerical simulations of Cu2OSeO3 reveals an
unconventional temperature dependence of the magnetic
phase diagram when the magnetic field is applied along 〈001〉.
At low temperatures, e.g., T = 2 K, the tilted spiral scattering
appears in an abrupt, stepwise, manner and is well separated
from the conical peaks. With increasing temperature, however,
the angular separation between the conical and the tilted spiral
peaks decreases and at 18 K the transition becomes gradual.
Already at 18 K it is almost impossible to separate the tilted
spiral from the conical peaks and at higher temperatures the
tilted spiral phase appears as a broadening of the helical and
conical peaks, an effect that spans the whole conical phase and
persists up to 35 K and possibly above. At all temperatures the
tilted spiral phase appears between μ0HC2 and μ0HC1 in con-
trast to the hysteretic behavior of the skyrmionic scattering,
which appears at different regions of the H-T phase diagram
depending on magnetic history.

Our theoretical model based on the theory introduced by
Dzyaloshinskii captures the main features of the experimental
findings, which can be accounted for by the interplay between
exchange and cubic anisotropy. In this work, however, we go a
step further towards a quantitative comparison between model
and experiment and discuss a strategy that leads to an estimate
of the anisotropy constants. These are the drivers behind the
observed behavior, and their determination is not as trivial as
for the interaction constants, that have been obtained either by
density functional theory or experimentally. The comparison
between model and experiment leads to the conclusion that the
anisotropy constants change significantly with temperature
and that this temperature dependence explains the change of
behavior observed around T ∼ 18 K, a temperature where a
critical value of cubic anisotropy kc,cr ∼ 0.6 separates two
regimes. The high-temperature one (T > 18 K) is character-
ized by weak cubic anisotropy (kc < kc,cr) and encompasses
a smooth transition between cones and tilted spirals as well
as very weak skyrmionic correlations. In contrast, in the low-
temperature regime (T > 18 K) a strong cubic anisotropy
(kc > kc,cr) induces an abrupt appearance of the tilted spirals
and enhances the stability of skyrmions.

The approach we have adopted allows a quantitative
comparison between experiment and theory and provides a
strategy for an in-depth understanding of chiral magnets in
view of tailoring their properties for future applications.

The raw experimental data are available at [35]. Additional
data related to this paper may be requested from M.C. [36],
C.P. [37], and A.O.L. [38].
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APPENDIX

1. Results for other temperatures than those discussed
in the main text

Figures 9–11 complement the results shown in Figs. 2–3
and depict the experimentally observed behavior at T = 6, 12,
and 24 K. Figure 12 shows a contour plot of the scattered in-
tensity as a function of the azimuthal angle φ and the magnetic
field for T = 35 K.

2. Energy minimization

The nonlinear partial differential Euler-Lagrange equa-
tions derived from the energy functional have been solved
by numerical energy minimization procedure using finite-
difference discretization on grids with adjustable grid spac-
ings and periodic boundary conditions. The components of
the magnetization vector m have been evaluated in the knots
of the grid, and for the calculation of the energy density we
used finite-difference approximation of derivatives with dif-
ferent precision up to eight points as neighbors. Furthermore,
in order to check the stability of the numerical routines we
additionally refined and coarsened the grids. For axial fields,
in order to reduce the artificial anisotropy incurred by the dis-
cretization, we used grid spacings �y ≈ �x leading to grids
approximately square in the xy plane. The final equilibrium
structure of the modulated states was obtained following an
iterative procedure of the energy minimization using simu-
lated annealing and a single-step Monte Carlo dynamics with
the Metropolis algorithm. The details of the numerical meth-
ods used for the energy minimization are described in, e.g.,
Ref. [39] and hence will be omitted here.

In order to avoid an impediment introduced by the peri-
odic boundary conditions, which necessarily arises due to the
oblique spiral states when using a three-dimensional cube,
we performed two-dimensional simulations. For these, we
wrote the anisotropy energy density in a coordinate system
connected with the wave vector of an oblique spiral and a
corresponding plane of rotation. Thus, the axes of the new
coordinate system ź and x́ lie in the plane (110), and the Q
vector is aligned along x́ and at an angle α from the z axis of
an old coordinate system. Consequently, the energy density is
minimized with respect to α leading to the optimum value of
this angle characterizing the oblique spiral state.

Figure 13 shows complementary results to Fig. 7 revealing
the behavior for kc = 0.07.
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FIG. 9. (a) and (b) show SANS patterns recorded at T = 6 K for selected fields using the protocol schematically depicted in Figure 1 of the
main text. The arrows above the SANS patterns indicate the direction of change of the magnetic field. The red arrow in the μ0H = 55 mT panel
indicates the direction of the applied magnetic field, while ki the direction of the incoming neutron beam. The field dependency of the integrated
intensities of the conical (C), helical (H), TS and skyrmion peaks are shown in panels (c), (d) and (e), respectively. The corresponding values
of the characteristic wavenumbers τ are provided in (f). (g) shows the azimuthal position of the conical/helical and TS peaks. In (c)–(g) the
horizontal dashed lines indicate the critical fields μ0HC1 and μ0HC2, respectively. The green dashed lines in (d) stand for μ0HTS

cr .
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FIG. 10. (a) and (b) show SANS patterns recorded at T = 12 K for selected fields using the protocol schematically depicted in Figure 1 of
the main text. The arrows above the SANS patterns indicate the direction of change of the magnetic field. The red arrow in the μ0H = 56 mT
panel indicates the direction of the applied magnetic field, while ki the direction of the incoming neutron beam. The field dependency of the
integrated intensities of the conical (C), helical (H), TS and skyrmion peaks are shown in panels (c), (d) and (e), respectively. The corresponding
values of the characteristic wavenumbers τ are provided in (f). (g) shows the azimuthal position of the conical/helical and TS peaks. In (c)–(g)
the horizontal dashed lines indicate the critical fields μ0HC1 and μ0HC2, respectively. The green dashed lines in (d) stand for μ0HTS

cr .
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FIG. 11. (a) and (b) show SANS patterns recorded at T = 24 K for selected fields using the protocol schematically depicted in Figure 1 of
the main text. The arrows above the SANS patterns indicate the direction of change of the magnetic field. The red arrow in the μ0H = 68 mT
panel indicates the direction of the applied magnetic field, while ki the direction of the incoming neutron beam. The field dependency of the
integrated intensity is shown in (c). The values of the characteristic wavenumbers τ are provided in (d). (e) shows the azimuthal position of the
conical/helical and TS peaks and (f) their FHWM.
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FIG. 12. Contour plot of the scattered intensity recorded between Q = 0.05 and 0.013 nm−1 as a function of the azimuthal angle φ and the
magnetic field for the T = 35 K. Here the measurements were performed only for positive fields.
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FIG. 13. Complementary results to Fig. 7 revealing the behaviour for kc = 0.07: (a) phase diagram and (b) maximum tilt angle plotted as
a function of bea.
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