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Signature of anisotropic exchange interaction revealed by vector-field
control of the helical order in a FeGe thin plate
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We investigated the low-temperature helical magnetic structures in a thin plate of chiral magnet FeGe,
paying special attention to the variation of the magnetic modulation period with the angle of an applied
magnetic field. A unique vector-field setup allowed us to continuously rotate the helical texture in the sample
plane while measuring high-resolution resonant small-angle x-ray scattering patterns. The experiments and
supporting micromagnetic simulations show that the direction of helical propagation can be robustly con-
trolled by directional magnetic field training. The observed anisotropy of the helical modulation period is
explained naturally by inclusion of higher-order anisotropic exchange in the Bak-Jensen model. The observation
and estimation of this interaction provides a pathway to refine theoretical models of cubic chiral magnets and

design spintronics devices based on the propagation switching of helical textures.

DOI: 10.1103/PhysRevResearch.3.013094

I. INTRODUCTION

Magnetic skyrmions are topological spin vortices in chiral
and polar magnetic materials that attract significant inter-
est due to their promising properties for magnetic storage
and other spintronic applications [1-3]. Noncentrosymmetric
B20-type FeGe, MnSi, Fe;_,Co,Si, and related structures are
prototypical chiral cubic magnets that host skyrmions [1,4,5],
and the control of magnetic states in these materials is impor-
tant from both fundamental and applied research perspectives.
For example, it has been shown recently that various mag-
netic textures in thin layers of the near room temperature
helimagnet FeGe can be efficiently created and manipulated
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by external magnetic fields [6-8], microwave radiation [9],
electric currents [10—12], light pulses [13,14], and mechanical
deformations [15-18].

The ground-state magnetic structures of B20-type systems
are well explained by the Bak-Jensen model that takes into
account the interplay between Heisenberg exchange interac-
tion, antisymmetric Dzyaloshinskii-Moriya interaction (DMI)
[19,20], anisotropic exchange interaction (AEI), and cubic
anisotropy [21]. The weak cubic anisotropy determines the
spin-wave gap and some additional peculiarities of the helix
axis orientation under a magnetic field, while the exchange,
DMI, and AEI are responsible for the helical magnetic struc-
ture and its orientation relative to crystallographic axes [22].
The latter interaction is often neglected due to its weak impact
on experimental observations, and the commonly used defi-
nition of the helical wavevector Q is given by Q = SD/A,,,
where S is the spin, D is the DMI constant, and A,, is the
exchange stiffness [22]. However, the cubic and exchange
anisotropies are important for determining the propagation
direction of the magnetic helix. For a fixed sign of the cubic
anisotropy constant K. > 0, helices propagate along [100]-
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equivalent axes in the case of a positive AEI constant F > 0
(for example Cu,0SeO3, Fe( g5Coq.15S1) and Q| [[111]if F <
0 (MnSi). Interestingly, in FeGe the reorientation of the spiral
propagation vector from high-T Q||[100] to low-T Q||[111]
is observed in FeGe at T ~ 220K [23], indicating a sign
change of F from positive to negative values on cooling. This
transition displays a temperature hysteresis of the order of
20 K within which the two orientations of the propagation
vector may coexist, indicating that the AE fluctuates around
zero. Similar effects were demonstrated for Mn;_,Fe,Si and
Fe,_,Co,Si solution series [24,25].

Typically, the AEI constant is estimated experimen-
tally from the helical-to-conical transition field B.; as F =
2SgupBe1/ Q2, where g is the Landé factor and pup is
the Bohr magneton. This formula leads to the estimated
low-temperature value of F ~ —45meV A2 for FeGe [26].
However, direct demonstration of the influence of the ex-
change anisotropy on the magnitude of the Q vector has not
been reported for any of the B20-type compounds except for
prototype MnSi [27,28]. Theoretically it has been shown that
the AEI can induce shape deformation of a skyrmion and
coordination of the skyrmion lattice in a chiral magnet [29].
Therefore, an independent demonstration of the effect of the
AEI on magnetic periodicity and determination of the AEI
constant are important for the theoretical understanding of the
magnetic properties of FeGe on the microscopic scale [30],
and for further improvement for the modeling accuracy of
topological spin textures in FeGe-based nanostructures and
spintronics devices [16,31-33]. Moreover, the interplay be-
tween cubic anisotropy, AEI, and magnetic field has been
proposed to be crucial for the stability of the recently dis-
covered tilted conical and low-temperature skyrmion states in
Cu,0Se0; [34-36].

Recently, resonant elastic soft small-angle x-ray scatter-
ing (REXS) became an ultimate high-resolution probe to
study long-periodic magnetic structures in chiral helimag-
nets [17,37-44]. In the present work we demonstrate the
anisotropic character of the helical state in FeGe thin plate di-
rectly by means of high-resolution REXS. While the direction
of the zero-field helical propagation vector Q in a thin plate is
remarkably flexible and can be arbitrarily aligned in the (110)
plane by in-plane field training, we find that the magnitude of
0 nonetheless remains sensitive to its orientation in this plane.
We argue that the observed in-plane variation in Q of order
1% is determined by the higher order AEI in accord with the
expectation of the Bak-Jensen model.

II. EXPERIMENTAL

The single-crystal sample of FeGe was grown by the chem-
ical vapor transport method [45]. A lamella with a thickness of
150-200 nm was prepared by focused ion beam (FIB) milling,
and placed behind an aperture of diameter 8um on a gold-
coated Si3;Ns membrane. The same FeGe thin plate sample
was studied previously in Ref. [17]. The details of the lamella
preparation and FIB milling routine can be found elsewhere
[38,39,46]. Note that, at low temperatures, a tensile strain in
the FeGe sample onsets on cooling due to the firm tungsten
contacts on both sides of the thin plate and the difference

between the thermal expansion coefficients of FeGe and the
SizN4 membrane [15,17,47,48].

The REXS experiment was carried out at the soft
x-ray beamline PM2-VEKMAG [49] (BESSY-II, Helmholtz-
Zentrum Berlin for Materials and Energy, Germany) during
the multibunch operational mode of the synchrotron. The
sample was placed in the high-vacuum chamber with a back-
ground pressure of 107!° Torr, and in the gap of a vector-field
superconducting magnet. REXS intensities were collected by
a custom designed in-vacuum Peltier-cooled charge coupled
device (CCD) detector manufactured by GreatEyes (Berlin,
Germany) of 2048 x 2048 pixels. The CCD was protected
from the direct beam by a tungsten beamstop with a size of
0.3 mm. In the present experimental geometry the detector
covered a scattering angle from 0.09° to 2.1°. The exposure
time for each REXS pattern was 120 s.

X-ray absorption (XAS) and magnetic circular dichroism
(XMCD) spectra were collected in transmission mode using
a photodiode detector. The VEKMAG endstation provides
magnetic fields up to 9 T in the beam direction and a 1 T vec-
torial field in all directions. This unique installation allowed
us to rotate the magnetic field B(6) azimuthally in the sample
plane, where 6 = 0° corresponds to a horizontal field applied
perpendicular to the beam axis. The sample temperature was
controlled by an He flow-type refrigerator over a range from
2 K to 500 K. Experiments were carried out in transmission
geometry using circularly polarized soft x-rays. The XMCD
spectrum was measured with a fixed photon helicity of the
x-ray beam by switching the magnetic field from +1T to-1T.
A maximum of the dichroic signal was found at photon en-
ergy E = 706 eV corresponding to the Fe L; edge [Fig. 1(a)].
The observed transmission XMCD spectrum features, such
as unbalanced L3 and L, peak intensities and shapes, are
affected strongly by the strong self-absorption of the sample.
To additionally confirm the magnetic origin of the signal, the
XMCD hysteresis loop was measured in the field parallel to
the beam geometry [Fig. 1(b)]. The critical out-of-plane field
value B, ~ 0.6 T for the conical-to-induced ferromagnetic
transition can be deduced.

The position of the attenuated transmitted beam on the
CCD camera was measured without the beamstop to precisely
determine the reciprocal space origin. Due to the limitations
of the experimental geometry—namely the fixed position of the
CCD detector, and the fixed resonant x-ray wavelength tuned
to the L3 edge—only one helical Bragg peak at Q &~ 0.09 nm ™!
was available in the detector range. The azimuthal acceptance
of the CCD camera 6 covered the range from 25° to 115°,
which included the principal crystallographic directions [111]
and [110].

The sample was zero-field cooled from the room temper-
ature to T = 2 K. To study the zero-field helical wavevector
as a function of the in-plane angle |Q(6)|, saturating mag-
netic fields B(f) = 0.5T were applied in the corresponding
in-plane direction and consequently removed. Magnetic satu-
ration of the sample at 0.5 T was ensured by in situ REXS,
showing the absence of conical reflections for all measured
6 angles. In the present experimental geometry the crystal
was oriented in a way that the field By—¢-||[001], and the field
By—90||[110]. The fields were released from saturation to zero
in AB = —0.25T steps. At certain values of 6, subsequent
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FIG. 1. (a) XAS and XMCD spectra recorded at T = 2K and
applied out-of-plane magnetic field B = 1T in transmission mode.
(b) The hysteresis XMCD loop measured at 7 = 2 K as a function of
the out-of-plane magnetic field.

data were obtained under an increasing out-of-plane magnetic
field to study the helical-to-conical transition field B, ;.

III. RESULTS AND DISCUSSION

Figure 2(a) shows that the field training procedure de-
scribed in the previous section results in a robust alignment
of the helical wavevector along the direction of the applied
in-plane field. A polar plot of the REXS intensity averaged
over all zero-field scans as a function of applied field angle 6 is
shown in Fig. 2(b), along with the Q dependence suggested by
theory introduced later. Importantly, these metastable helical
configurations allow us to investigate anisotropic properties
of the crystal, similar to chiral fluctuations that allowed the
observation of weakly anisotropic magnetic modulations in
the paramagnetic phase of MnSi [27].

To reproduce numerically the directional training of heli-
cal order in a FeGe thin plate we performed micromagnetic
simulations using MuMax® package [50]. In the simula-
tion we assumed a two-dimensional plate of 1024 x 1024
cells with the in-plane cell size of 2 nm, thickness of
150 nm, and periodic boundary conditions along in-plane
directions. Experimentally-determined values of the exchange

stiffness A,, = 8.78 pJ/m DMI constant D = 1.58 mJ/m?,
cubic anisotropy constant K.; = 10kJ/m?, and saturation
magnetization M; = 384kA/m were taken from the mi-
crowave spin-wave spectroscopy [51].

In the present simulation, saturating in-plane magnetic
fields B(6) were initially applied to a random spin pattern
and decreased to zero in steps following the experimental
protocol, i.e., going from the field-polarized to helical state
via a presumed intermediate in-plane conical state. The out-
of-plane magnetization component of the resulting zero-field
helical order is shown in Fig. 2(c), with the corresponding fast
Fourier transform (FFT) images shown in Fig. 2(d). The simu-
lation result suggests that the helical propagation vector can be
effectively aligned with any in-plane angle by a corresponding
in-plane field training; this is consistent with our observations.
The finite width of helical Bragg peaks in the 6 plane of both
the FFT images and the measured REXS patterns arises due
to topological dislocations (merons and antimerons) at helical
domain boundaries [52]. In the present work we do not con-
sider the more complex case of three-dimensional magnetic
structures that may emerge due to the finite-size effects in the
thin plate of a chiral magnet [53-55].

Next, we discuss the variation in magnitude of the helical
propagation vector |Q(6)|, which is revealed by REXS to
depend on the direction of the in-plane training field
[Figs. 2(b) and 3]. The oscillation of |Q| with a periodicity
of 45° [Figs. 2(b) and 3] could not be reproduced in the
micromagnetic model that includes only the exchange inter-
action, DMI, and cubic anisotropy. This remains the case
even while the demagnetization factor in the present two-
dimensional micromagnetic simulation might not be captured
accurately. This aspect was explored through similar simula-
tions with 2 nm-thick cells and the rectangular shape of the
sample, neither of which affected the result of the simulation.
Therefore, we conclude that the demagnetization factor in the
micromagnetic simulation does not affect the anisotropy of
the spiral period in FeGe captured in the experiment. To thus
explain the experimental observation, we consider the another
anisotropic exchange interaction that is hitherto absent from
standard micromagnetic simulation packages.

We thus address this issue analytically, and start by revisit-
ing the basic properties of the Bak-Jensen model in the context
of the anisotropic exchange interaction. On the level of a clas-
sical Kaplan helix energy, this interaction directly affects the
spiral propagation vector of the system [21,22]. The classical
energy per one spin of the planar spiral propagating along ¢
direction is following:

S2J, S’FQ?
_TQ ~$°D0+ 4Q

E =

1(¢), ey

where Jo = Jp — Aex 0*/S (Jq being Fourier transform of the
exchange interaction), 1(¢) = szx’yq . c%(a% + b%) is the cu-

bic invariant (@, b are basis vectors of the spiral plane), see
Ref. [22]. So, the spiral vector reads as

SD¢

Q= A + SFI(2)/2 @)
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FIG. 2. (a) Zero-field REXS patterns recorded after the in-plane field training procedure at an angle 6. Dashed lines indicate the data
integration region used for constructing panel (b). Arrows show magnetic field orientation respectively to crystallographic axes. (b) Polar plot
of the REXS intensity pattern averaged over all measured zero-field states after a corresponding field training at 6 = 25°...115° with 5° step.
The dashed black line indicates the fitted Q dependence as discussed in the main text. Coordinates 6 of crystallographic [111] and [110] axes of
the sample are indicated as white dashed lines. (c) Real-space and (d) FFT images of the out-of-plane magnetization component derived from
micromagnetic simulations of zero-field helical textures aligned by the field-training procedure. The directions of the corresponding training

fields are shown by black arrows.

Due to the smallness of the anisotropic exchange constant F,
we can write the spiral vector in the form:

Spe (| SFI@)
AEX 2A€JC '

Q= 3)
which shows that the small correction to the “bare” spiral
vector value SD/A,, is governed by the cubic invariant. Its
maximal value is 2/3 for cubic diagonals (Q||[111]), and its
minimum is O for cubic edges (Q||[100]). Using Eq. (1) we

" [111] [110]

0.0905

_ QO (um)

1
0.088 ...|....|....|.I..|....|....|....|=...|....|....
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FIG. 3. Zero-field Q magnitude measured as a function of the in-
plane angle 6 after corresponding field training. The solid line shows
the fitted curve according to the Eq. (3).

obtain

-2 _2E )

For FeGe in equilibrium at low temperature, the spiral vector

is oriented along the cubic diagonal, thus it is maximal when
aligned with [111] and so F' < O.

In the present paper we are especially interested in the
plane defined by the basis vectors [110] and [001]. There-
fore, in a conventional spherical coordinate system we have
¢ = 45°, and

sin? (1 + 3 cos?6)
5 )

We plug this function into Eq. (3) and find that it describes the
experimental data well (see Fig. 3).

An important point to note here is that a tensile strain does
not lead to any significant corrections to the predicted angle
dependence of the spiral vector given by Eq. (3). A possible
explanation for this can be that all the constants (exchange
coupling, DMI, and AEI) are proportional to the integral
describing electron wave-function overlap. This integral will
vary with tensile strain, but will leave the ratios between
parameters unchanged, and thus Q in Eq. (3) intact. However,
to rule out completely any possible effects of tensile strain,
data should be obtained for the full range of 6 from 0 to 360°,
and the symmetry of the measured curve analyzed.

Figure 3 shows a fit of the experimentally measured angle
dependence of |Q(0)| using Eq. (3), which takes the AEI
term into account. Using the exchange stiffness parameter of

1(¢) =1(0) = ®
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FeGe one obtains fitted values of Qy = SD/A., = 0.0870 +
0.0011nm~" and an AEI constant F = —39.5 + 17.9 meV A2
at T = 2 K, which respectively agree with bulk neutron scat-
tering data and the AEI constant estimation based on the value
of B, [23,26]. The negative sign of the exchange anisotropy
constant F is consistent with the preferred [111]-orientation
of the spiral wavevector at low temperatures [23]. According
to the cubic invariant [Eq. (5)], |Q(@)| reaches a maximum
for the angle corresponding to the [111] direction, a min-
imum for the [100]-equivalent axes, and a local minimum
for the [110] direction. These features are in good agreement
with experimental data (Fig. 3). The deviation between the
expected theoretical upturn of |Q(6)| for & > 100° and the
experimental data might be induced by the tensile strain effect,
or a thickness gradient in the lamella sample [17,56]. The
deviation, as well as the REXS intensity variation as a function
of 6 (Fig. 2(b), can be also related to a possible small (few
degrees) offset of the sample that may result in the helical
plane tilt towards the out-of-plane magnetic field training axis.

The presented framework should be generally applicable
to the cubic chiral magnets, and can be further employed
to explain the helical and skyrmion wavevector anisotropy
already observed in Fe( gsCog 1551 [57].

Next, we discuss the helix (meta)stability after the field
training. Experimentally, after passing through the in-plane
field-induced conical phase, the system relaxes to a heli-
cal phase that maintains the conical orientation of Q, rather
than Q realigned to some energetically favorable direction. A
similar result is reproduced in the micromagnetic simulation
presented earlier. This peculiar effect can be attributed to the
metastability of the corresponding helices. Here we briefly
discuss the origin of this behavior.

Let’s consider a certain spin Sy and denote its alignment
as parallel to an x axis (so its phase is put to be zero). In a
cubic helimagnet, and in the absence of magnetic field, there
are pairs of neighboring spins with phases ¢ which are Q-
dependent. Next, one can calculate an effective molecular field
acting on the chosen spin from a single pair of neighbors and
obtain

h, = JS[cos ¢ + cos (—¢p)] + DS[sin ¢ — sin (—¢)],
hy = JS[sin ¢ + sin (—¢)) + DS[cos ¢ — cos (—¢)]. (6)

The last quantity is zero for every planar helix no matter what
the modulation vector Q is. Then, the molecular field acting
on each spin is longitudinal and is much larger than the one
from small anisotropic interactions. The latter, in comparison
with the external magnetic field, does not provide a torque
for the spiral as a whole, and will not reorient the spiral
propagation vector Q chosen by the in-plane magnetic field.
Thus, the whole spin texture is at least metastable. Anisotropy
will lead only to an additional modulation of the metastable
helix that results in higher harmonics with small amplitudes
(see, e.g., Refs. [58,59]).

This simple picture should only be correct, however, if
surface effects are negligible. It is seen from Eq. (6) that in this
case the symmetry with respect to neighbors is violated for
the surface spins. Nevertheless, in thin films with an in-plane
helical propagation vector, the initially field-polarized spins
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FIG. 4. (a) Dependence of the relative intensity and position
(b) of the helical Bragg peak on applied out-of-plane magnetic field
for the initial states trained at 6 = 25°, 80°, 115°. Dotted lines in
panel (b) show the fitted Q dependencies.

are oriented parallel to each other and perpendicular to the
surface planes. Thus, surface effects do not affect the metasta-
bility of the eventual helices. In contrast, when the conical
phase is prepared by applying a magnetic field perpendicular
to the sample surfaces, then when this field is switched off the
helices relax into those with an in-plane Q oriented along the
strain direction due to the surface effects, which are significant
in this case [17].

Finally, we discuss the 6 variation in the helical-to-conical
transition field B, determined from REXS patterns obtained
upon out-of-plane field sweeping after an initial in-plane field
training [Fig. 4(a)]. The out-of-plane field dependence of the
REXS patterns has been measured for the three initial helical
states with the propagation vectors Q along 6 = 25°, 80°, and
115°. When the out-of-plane field is increased above B,, the
helical state transforms to the conical one with the g vector
oriented parallel to the field direction, and therefore its contri-
bution to REXS is not detected in the present experimental
geometry. For the case of a strained cubic helimagnet this
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field-induced transition from the in-plane helical to the out-of-
plane conical state is mediated by the in-plane chiral soliton
lattice (CSL) [17,48,60], which is different from, for example,
the CrNb3S¢ uniaxial helimagnet, where the conical phase is
suppressed and a helical to field-polarized phase transition
takes place via CSL phase [61].

As evident from the field dependence of the helical peak in-
tensity shown in Fig. 4(a), the transition field B, (6 = 25°) =~
B.1(0 = 80°) ~ 60mT, B.(0 =115°)~90mT at I/l =
0.5. Figure 4(b) shows that the field dependence of Q/Qq
also varies with 8. This behavior can be evidently attributed
to an easy-plane anisotropy perpendicular to the strain direc-
tion (0 ~ 135°), as introduced in Ref. [17]. It was observed
previously in the same sample that formation of a CSL under
an applied out-of-plane field takes place when the helical Q
vector is oriented perpendicularly to the direction of the strain.
Fitting the field dependence of Q/Q¢ with the sine-Gordon
model for a CSL [62] provided the following saturation
field values for the soliton modulation depending on the ini-
tial state: By, (6 = 25°) ~ 210 mT, B, (6 = 80°) ~ 240 mT,
By, (0 = 115°) &~ 310 mT. Reduction of these critical fields
for the spirals tilted from the easy-plane direction agrees well
with the theory of simple helix in an external field in the
presence of first-order easy-plane anisotropy [62,63]. While
the energy of the conical spiral state is equal in all three ex-
perimentally measured cases, the energies of initial states are
different and dependent on the in-plane angle of Q. The zero-
field energy for the 8 = 80° helix is slightly larger than for
the & = 25° one, which in turn is larger than at 6 = 115°, this
being simply related to the angle between the easy-plane and
corresponding spiral planes. Since the out-of-plane magnetic
field should compensate the difference in energy between heli-
coid and conical phase (see Ref. [17] for details), we arrive to
the experimentally observed result: B, (6 = 25°) =~ B, (6 =
80°) < B.1(8 = 115°). Unfortunately, the limited angular
range in the present experimental setting did not allow us
to directly observe the higher-order Bragg peaks for further
characterization of the CSL state. This is thus left as an avenue
for future work.

IV. CONCLUSIONS

From our vector-field resonant small-angle soft x-ray scat-
tering study of an FeGe lamella, we observed the effective
reorientation of the helical spin texture along any azimuthal
direction under an in-plane training magnetic field. This ob-
servation was reproduced by micromagnetic simulations. We
have further found that the magnitude of the spiral propaga-
tion vector |Q| changes continuously as a function of the in-
plane training-field direction with respect to the crystal axes.
This is an effect that has not been directly observed before
for FeGe, and the angle dependence is accurately described
in terms of the higher-order anisotropic term in the exchange
interaction. The reasonable estimation of the anisotropic ex-
change interaction constant might be relevant for further
refinement of the ab initio models that currently fail to explain
the helical pitch in FeGe [30]. Moreover, a temperature-
dependent anisotropic exchange might explain in part the
complicated temperature variations of the spiral length in
B-Mn-type alloys [64,65] and chiral molybdenum nitrides
[66]. Finally, we note that in FeGe a similar switching of the
helical propagation vector by spin transfer torque has been
demonstrated, and a memory cell based on this effect has been
proposed [67]. The detailed understanding and account of the
anisotropic effect given in the present work may be needed to
accurately design spin devices based on this concept.
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