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Metal magnetic/nonmagnetic (Dy/Y) multilayer structures posses a coherent spin helix propagating through
many Dy/Y bilayers. Samples of different Dy and Y layer thicknesses were investigated using polarized
neutron scattering to determine the average chirality of the magnetic structure. The in-plane applied magnetic
field induces the chirality since it couples to the uncompensated moments of the helix in a Dy layer. The value
of the chirality has a complex behavior in dependence on the temperature and the magnetic field. It is shown
that the chirality is affected by the competition between the Ruderman-Kittel-Kasuya-Yoshida interactions of
the intralayer exchange within the Dy layers and the interlayer coupling across the nonmagnetic Y layers. The
set of the experimental data allows one to make the reconstruction and schematic visualization of the spin
structure within the multilayer system. In spite of a complex dependency of the average chirality on the
temperature and the magnetic field, the twist angle between the spin planes of two neighboring Y/Dy interfaces
has the same sign for all samples at any conditions. It is antisymmetric Dzyaloshinsky-Moriya interaction that
reveals itself through the sign of this twist angle and as a result through the nonzero average chirality of the

magnetic multilayer structure.

DOI: 10.1103/PhysRevB.82.195432

I. INTRODUCTION

The effect of giant magnetoresistance (GMR) in magnetic
multilayer structures (MMLs) (Refs. 1 and 2) is one of the
examples where the technical applications run ahead of the
clear fundamental description of the underlying phenomena.
The GMR effect describes the fact that structures consisting
of ferromagnetic (F) and nonmagnetic layers can be coupled
antiferromagnetically (AF) in zero field while the applied
magnetic field results into a ferromagnetic configuration and
in a multiple decrease in the electric resistance. The antifer-
romagnetic coupling is related to the oscillatory Ruderman-
Kittel-Kasuya-Yoshida (RKKY) interaction with J,
~ sin(dky)/ (dkg)?, where d is the thickness of the layer and
kg is the Fermi wave vector.® This interaction is determined
by the topological properties of the Fermi surface of the non-
magnetic layer material. It was experimentally confirmed
that the manipulation of the layer thickness or the value of kp
is indeed able to change the sign of the interaction.* Upon
the application of an in-plane magnetic field a spin-flop tran-
sition occurs at Hy which turns into a ferromagnetic phase at
Hp,. The spin-flop transition at the surface appears at a field
which is a factor of 2 smaller as it is observed in their bulk
constituents.> A more detailed study of the spin-flop phase
using polarized neutron reflectometry (PNR) has demon-
strated the nonuniformly twisted, canted state in the MML in
the spin-flop phase. The canting angles are maximal in the
terminal layers and progressively relax toward the middle of
the MML from both sides.®

Although the mechanism of the interlayer bilinear cou-
pling ascribed to the RKKY interaction is well established,
an additional interaction, the so-called biquadratic coupling
remains open for discussion.””!> The biquadratic coupling
stabilizes the spin arrangement with a relative angle of 90°
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between the magnetizations of two neighboring ferromag-
netic layers separated by a spacer layer while the bilinear
coupling lead to an AF/F coupling with angles of 180°/0°.
First experiments, revealing the 90° moment arrangement in
trilayer Fe/Cr/Fe systems,7 however, were explained via spa-
tial fluctuations of the microscopic bilinear coupling® and
thus reducing the observed biquadratic coupling as having a
nonfundamental origin. Subsequent experiments with
trilayers”!! were adequately explained within the same
theory.® On the other hand, there are several papers insisting
on the microscopic origin of the biquadratic coupling in
multilayer systems.!'?!3!5 Especially impressive is the work
of Suenaga et al.,'” where it is shown that (i) the biquadratic
coupling in Fe/Cr multilayers is comparable to the RKKY for
systems with large thickness of the Cr interlayer; (ii) the
biquadratic coupling is connected to the GMR effect, and
(iii) it can be affected by the application of high pressure.
The conclusion on the enhancement of the biquadratic term
is often based on magnetization measurements since the
multilayer structures are inaccessible for magneto-optical
methods. The magnetization curve, however, can sometimes
mimic the presence of a strong biquadratic interlayer ex-
change coupling as it was shown for Fe/Si multilayers.'*
Here, PNR can play a decisive role for the visualization of
the 90° moment arrangement. In conclusion of the introduc-
tion, three interactions responsible for the GMR effect in the
MML structures are discussed: the RKKY interaction, the
Zeeman interaction, and the interaction due to a weak biqua-
dratic exchange coupling.

The observation of noncollinear magnetic structures in
MML can be also a result of the Dzyaloshinskii-Moriya
(DM) interaction induced by the broken symmetry at the
interfaces between magnetic and nonmagnetic layers, as it
was theoretically predicted in Refs. 16 and 17. The DM in-
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teraction, similar to the biquadratic exchange coupling, pro-
motes the noncollinear arrangement of adjacent ferromag-
netic sheets of spins in the MMLs. The fingerprint of the DM
interaction is the occurrence of spin arrangements with a
certain chirality. However, it is in general difficult to detect
and study the chirality in MMLs with ferromagnetic intra-
layer coupling. MMLs with spiral arrangements of the spins
inside the magnetic layers (Dy, Ho, etc.) on the other hand
are prime candidates to study this effect since the DM inter-
action causes, directly or indirectly, an imbalance of the
population for either handedness.'®

The magnetic layers of Dy/Y and Ho/Y MMLs are heli-
cally ordered below Ty due to the RKKY interaction within
the layers (intralayer RKKY interaction). The pitch angles of
the helicoidal structures in MMLs are comparable to the
pitch angles of their magnetic bulk constituents (Dy or Ho),
provided that the magnetic layers are sufficiently thick.!%-22
The major interaction that determines the magnetic structure
of the entire MML is the RKKY interaction. It is the RKKY
interaction between the Dy layers which is primarily related
to the thickness of the Y layer with kpdy, where the wave
vector ky is a temperature-independent quantity.*'® The in-
plane applied magnetic field affects the MMLs spin structure
on different energy scales: at first, when it reaches the
strength of the relatively weak RKKY interaction between
the magnetic layers at an applied magnetic field of 0.1-0.2 T,
and further when it exceeds the strong RKKY interaction
within the magnetic layer at about 1-2 T. In general, the
applied magnetic field couples the uncompensated moments
of the helix in a Dy layer via the Zeeman interaction. It
varies considerably with the temperature and the magnetic
field as a function of several parameters: (i) the strength of
the applied field H; (ii) the uncompensated moments of the
individual Dy layers which varies with the helix wave vector
kpy(T) and with the staggered magnetization M(T).

Our previous measurements with polarized neutrons have
demonstrated that Dy/Y MML structures posses a coherent
helical spin structure over many bilayers with a predominant
chirality induced by the in-plane applied magnetic field.'® It
was therefore suggested that the interplay of the RKKY and
the Zeeman interactions helps to reveal the antisymmetric
Dzyaloshinskii-Moriya interaction since the observed chiral-
ity is a fingerprint of the DM interaction resulting from the
lack of the symmetry inversion at the interfaces.'®?3 The aim
of this paper is to study the conditions when the interplay
between RKKY and Zeeman interactions in the Dy/Y MMLs
leads to a considerable change in their chirality. The varia-
tion in the interactions can be achieved by either changing
the thicknesses of the Y layers or the Dy layers resulting in a
drastic modification of the strength of the RKKY interaction
or the Zeeman interaction, respectively.

Here we demonstrate by means of polarized neutron scat-
tering that the chirality of the helix induced by the in-plane
applied magnetic field upon cooling depends on the value of
the RKKY versus Zeeman interactions. We have therefore
compared two samples with different Dy at equal Y layer
thicknesses and two samples at equal Dy but different Y
layer thicknesses. It is shown that in spite of a complex de-
pendency of the average chirality on the temperature and the
magnetic field, the interaction of the DM type inducing the
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chirality has the same sign for all samples at any conditions.

II. EXPERIMENTAL

The effect of an applied magnetic field on the chirality of
the helix spin structure in MMLs was investigated at the
following three samples: [Dy30 nm/ Y15 nmliso (denoted
Dy30/Y15) with TN= 155 K, [DY3_0 nm/Y3.0 nm]150 (denoted
Dy30/Y30) with TN=16O K, and [DY4.3 nm/Y3.0 nm]350 (de-
noted Dy42/Y30) with Ty=165 K. The samples were grown
along the ¢ axis [001] of the Dy and Y hcp structure by
molecular-beam-epitaxy techniques. Below the Neél tem-
perature, Ty, a coherent helical spin structure over several
bilayers has been observed in agreement with previous
findings.'” Here, polarized neutrons are especially useful in
the determination of the chirality of magnetic structures.>*
The total magnetic elastic neutron cross section for polarized
neutrons can be separated into a spin-state-dependent contri-
bution and a spin-state-independent part. The latter part is
also asymmetric with respect to the momentum transfer Q
and can be associated with the average chirality of the mag-
netic system.

The polarized neutron experiments were carried out at the
neutron reflectometer, NeRo, at GKSS, using polarized neu-
trons of a wavelength of A=0.435 nm at a AN/A=0.02 and a
polarization of Py=0.975. The c¢ axis of the multilayer
sample was set almost perpendicular to the incident beam
(Fig. 1). The sense of the polarization followed a guide mag-
netic field of 1 mT applied perpendicularly to the multilayer
surface and thus pointed along the direction of the ¢ axis of
the Dy/Y lattice. This geometry was used to study the
polarization-dependent part of the scattering cross section. In
addition a magnetic field of up to 900 mT was applied along
z direction and parallel to the multilayer surface. At this con-
figuration with the polarization of the incident beam aligned
along the direction of the applied field (PyllQ), the corre-
sponding scattered intensities, [I*=1(Q,+P;) and I"=1(Q,
—P,)], are related each to either of the right- and left-handed
domains, respectively. The average chirality, which is pro-
portional to the difference in the population of left- and right-
handed helices, was measured as the polarization-dependent
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FIG. 2. The g dependence of the neutron-scattering intensity
(reflectivity profile) for three samples (a) Dy30/Y15 taken at T
=130 K, (b) Dy30/Y30 taken at 7=130 K, and (c) Dy42/Y30
taken at 7=130 K. NP is the nuclear peak, and MO and M1 are the
magnetic peaks.

asymmetric part of the magnetic neutron-scattering cross
section.'® We thus introduce here a chiral parameter directly
related to the measured intensities and the imbalance be-
tween the left- and right-handed domains,

_(r-n
I+’

Y

III. RESULTS

The specular reflectivity curves for the three samples [(a)
Dy30/Y15, (b) Dy30/Y30, and (c) Dy42/Y30] taken below
Ty are shown in Fig. 2. The nuclear peaks originating from
the multilayer structure with the period lengths equal to the
thicknesses of the Dy/Y bilayers of d:dDy+dY=4.5, 6.2, and
7.1 nm appear at Qy=27/d=1.35, 1.01, and 0.89 nm™!
[Figs. 2(a)-2(c), respectively]. The positions of these peaks
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do not change with temperature giving the evidence of their
nuclear nature. The peaks at higher Q values, denoted as M1
and M2, respectively, and positioned at Q,,; and Q,,, origi-
nate from helical spin structures and appear below 7. The
coexistence of additional magnetic satellite reflections is due
to the modulation imposed by the nuclear multilayer struc-
ture on the spiral structure. Due to this modulation the mag-
netic peaks are separated in Q space by (Qp1—0Op2)=On-

The presence of clearly visible and well-separated peaks
can be also interpreted in terms of the long-range correlation
of the magnetic helix propagating through several bilayers.
However, it is not trivial to extract the propagation vector of
the helix in the sample from the data. As it was shown in
Refs. 20-22, the data can be reasonably modeled if one sug-
gests that the phase shift across the Y, associated with a wave
vector ky, is different from the wave vector of Dy (ky
# kpy). The result of the fit confirms that the value of ky of
3.1 nm™! is temperature independent, corresponding to a
turn angle between Y atomic planes along the ¢ axis of 51°
and hardly changes for the MMLs with different Y layer
thickness (see page 5596 of Ref. 22). The wave vector within
the Dy layers on the other hand decrease with temperature
from kp,=2.5 nm~! close to Ty to 2.0 nm™' around T
~100 K. Below 100 K it saturates upon further decrease in
the temperature. The wave vectors of the helices were simply
determined by assuming that the intensities of the magnetic
peaks are modulated by the form factor of the Dy layer. By
assuming a Gaussian function the value of kp, is given by its
center position (see Fig. 2).

Rocking scans at the Bragg peak positions of the helices
were taken at different temperatures after field cooling (FC)
the sample at different values of the magnetic field H. Figure
3 shows rocking scans for the sample Dy30/Y15 after FC at
H=900 mT down to T=100 K and T=150 K, respectively,
taken at the peak position M1 and at a field of H=0. The
rocking scans give an example of the nonzero difference be-
tween the two scattering intensities of opposite polarizations,
I' and I, demonstrating the nonequal population of the left-
and right-handed domains, i.e., the appearance of the non-
zero average chirality in the sample.

Figure 4 shows the value of y for the three samples [(a)
Dy30/Y15, (b) Dy30/Y30, and (c) Dy42/Y30, respectively]
for different temperature and magnetic field histories. In or-
der to study the effect of the magnetic field on the chirality,
the sample was first cooled from 7>Ty to T<Ty in an in-
plane field H. Thereupon the field was switched off and the y
value was measured in a small guide field, H,, with H,[[P|k.
For all three samples the FC procedure at H=900 mT down
to temperatures close to 7=145 K leads to a chirality of the
same sign. For FC below T=140 K at the same magnetic
field, the chirality remains positive for the sample Dy42/
Y30, but becomes negative for the samples Dy30/Y30 and
Dy30/Y15, respectively. Thus, it can be concluded prelimi-
narily that the field-induced chirality depends on the thick-
ness of the Dy layers. As it will be shown in the following it
depends on the value of the phase factor of the helix kpydp,
within one Dy layer. In relatively large magnetic fields in the
order of 1 T, the chirality is positive when kpydp, > 277, and
negative when kpydp, <27

An interesting behavior of the chirality factor vy is ob-
served when the samples were first cooled at a field of H
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FIG. 3. The rocking scans I(w) of the peak M1 [(a) after FC to
110 K and (b) 150 K and at H=900 mT) taken for two opposite
polarizations at H=1 mT (H|[P|q).

=900 mT from above 7> Ty to T=110 K and thereafter the
chirality was measured for different temperatures by subse-
quently warming up in zero field (Fig. 4). In this case the
chirality (positive or negative) increases in its absolute value
upon approaching Ty for the samples Dy42/Y30 and Dy30/
Y30 but it decreases to zero for the sample Dy30/Y15. This
behavior is obviously related to the difference in the thick-
nesses of the Y layer in the Dy/Y bilayers of the Dy/Y su-
perlattices. Thus, for dy=3 nm the RKKY interaction be-
tween the Dy layers leads to a ferromagnetic type of
coupling, as it is of antiferromagnetic nature for dy
=1.5 nm. It should be noted that for zero FC (ZFC) the
chirality factor 7 is close to zero for Dy30/Y15 and Dy30/
Y30 but equals to —0.10 for Dy42/Y30 in the whole tempera-
ture range below 7. The enhancement of spontaneous
chirality in the latter sample and its absence in the others are
related to a misalignment of the crystallographic c axis of the
grown single crystal and the film normal. A detailed descrip-
tion and interpretation of the phenomenon will be published
elsewhere.?

Furthermore, it should be noted that the value of y de-
pends on the strength of the magnetic field applied in the
sample plane (ab) during the FC procedure but not on its
direction (*=Hpc). Figure 5 gives 7y as a function of the mag-
netic field for all three samples [(a) Dy30/Y15, (b) Dy30/
Y30, and (c) Dy42/Y30, respectively) taken at T=110 K,
130 K, and 150 K, respectively. The chiral parameter y for
the sample Dy42/Y30 increases in its absolute value with the
increase in the magnetic field during FC for all three tem-
peratures [Fig. 5(c)]. On the other hand, the chirality factor y
for the sample Dy30/Y30 show opposite signs upon the in-
crease in the magnetic field during FC for the subcritical
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FIG. 4. The temperature dependence of the chiral parameter for
three samples (a) Dy30/Y15, (b) Dy30/Y30, and (c¢) Dy42/Y30 for
different temperature/magnetic field prehistory of the sample
(closed circles—ZF warming after FC at H=0.9 T to T=110 K;
open circles—FC in H=0.9 T to the temperature of interest 7).

(T>T*=145 K) and low-temperature (7 <T") regimes [Fig.
5(b)]. The sign of y changes for the sample Dy30/Y15 [Fig.
5(a)] from negative in the low-temperature (7=110 and 130
K) to positive in the subcritical temperature regime (T
=150 K). For all three samples the absolute value of || for
low temperatures and large fields is in order of 0.2, although
showing different signs. This implies that the field-induced
chirality is an intrinsic property for the multilayer structures
consisting of Dy/Y bilayers. The behaviors of the chirality
for Dy30/Y15 and Dy30/Y30 are similar in the subcritical
range which can attributed to the thickness of the Dy layer. It
seems that the thickness of Y does play a role in the pecu-
liarities of the chiral behavior of these two samples at low
temperatures. Comparing the samples Dy30/Y30 and Dy42/
Y30 it should be noted that the subcritical temperature de-
pendences of vy are very similar while magnetic field depen-
dences at low temperatures are different.
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FIG. 5. The chiral parameter 7 for three samples (a) Dy30/Y15,
(b) Dy30/Y30, and (c) Dy42/Y30 as a function of the magnetic field
H applied in the FC procedure to 7=150 K, 7=130 K, and T
=110 K.

IV. INTERPRETATION

To interpret the obtained data one has to consider those
interactions which determine the magnetic structure in the
MMLs, as they were already mentioned in Sec. I. The major
one is the RKKY interaction inside the Dy layers. It is re-
sponsible for the appearance of the helical spin structure
which is the ground state of the magnetic structure for bulk
Dy. As it was already pointed out above, the pitch angle of
the helix decreases as the temperature decreases. The inter-
layer exchange between the Dy layers across the intervening
Y is of similar origin than the RKKY intralayer coupling and
couples the magnetic moments in the Dy layers at the vicini-
ties of the Y layer. It is determined solely by ky=3.1 nm™!
and has a positive sign for dy=3 nm and a negative sign for
dy=1.5 nm favoring a ferromagnetic and antiferromagnetic
alignment of Dy spins, respectively, at the two interfaces for
the different Dy/Y samples studied here. This second type of
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b

FIG. 6. (Color online) The type-I and type-II field-helix cou-
pling geometry if (a) dp,<2m/kpy or (b) dpy>2m/kpy, respec-
tively. The black arrows indicate the direction of the magnetization
in the planes at the center and at the interfaces of the Dy layers. The
dashed arrows help one to visualize the helix, here with the left-
handed chirality. The equivalent right-handed helix can be drawn
since the field-helix coupling does not determine the sense of
chirality.

RKKY interaction between the Dy layers provides the coher-
ency of the helix that propagates throughout the bilayers. It is
important to note that ky does not depend on the tempera-
ture. These two interactions produce a long-range coherent
helix in MMLs but cannot break the chiral symmetry leading
to different population number of left- and right-handed do-
mains of the helices.

The chirality discussed in this paper is mainly induced by
the in-plane applied magnetic field which interacts with the
uncompensated moments of the Dy layer. The classical en-
ergy of this interaction can be simply evaluated by taking the
integral of the magnetic contributions over the layer of the
thickness dDy,

dpy
Fy=- f HM e, sin(kpyz + ¢) + €, cos(kpyz + ¢p)ldz,
0

where M is the staggered magnetization of the Dy atomic
layer, and ¢, is the angle between the field and the moment
at the Dy/Y interface, and e, and e, are the unit vectors along
the corresponding axes. For dp, <2/kp, the energy Fy is
minimized [Fj(¢o)=0] at an angle ¢y= * kpydpy/2. This
means that the magnetization in the middle of the Dy layer,
M(z=dp,/2), is parallel to the field axis (type-I coupling
geometry) [Fig. 6(a)]. On the other hand, if dp,>27/kp,
then the energy Fy is minimized at an angle ¢,
= =* (kpydpy/2—m) and the magnetization in the middle of
the Dy layer, M(z=dp,/2), is antiparallel to the field axis.
The magnetization of the interface layers M(z~dp,) and
M(z~0) are fixed at sharp angles with respect to the field
axis (type-II coupling geometry). Depending on the type of
the coupling geometry different parts of the Dy layers are in
favor of the direction of the applied magnetic field, i.e., the
middle part of the helix for the type-I geometry (dp,
<2m/kpy) and the interfacial parts for the type-II geometry
(dpy>27/kpy). It should be noted that even though the he-
lices drawn for illustrations in Figs. 6(a) and 6(b) are left
handed, they could equivalently be shown as right-handed
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ones because the field-helix interaction itself is chiraly neu-
tral and does not break the symmetry.

Taking into account the parameters of the interactions,
i.e., the RKKY interactions inside and between the Dy layers
as well as the field-helix interaction in combination with the
experimentally observed chirality 7y, one can reconstruct the
preferable spin structure inside the MMLs as a function of
the temperature and the magnetic field. The principles of the
reconstruction are as follows: (i) the chirality is degenerated
inside the Dy layer so that the helix in the Dy layers can be
equally left or right handed. The chirality within the layer is
taken from the experiment. (ii) The dislocation of the spins at
the two interfaces of two neighboring Dy layers (parallel or
antiparallel) is determined by the interlayer RKKY interac-
tion or, if the magnetic field is high enough, by the field-helix
interaction. If the two interactions compete with each other
the limiting cases need to be considered. (iii) The spin struc-
ture created under the applied magnetic field conserve its
chirality upon reducing the field down to zero. In particular,
the applied field helps to remove the domain walls in the
helix structure within a Dy layer. This reconstruction aims to
define the twist angle between the spins at the interfaces of
two neighboring Dy layers for a given temperature and mag-
netic field prehistory. Given the twist angle, it determines the
sign of the chiral interaction at the interfaces. Below we give
several examples of such reconstruction.

The sample Dy42/Y30 has a positive field induced chiral-
ity for the whole temperature range below 7, which is as-
cribed to the right-handed preferable helix inside the Dy lay-
ers (see Fig. 4). Since dp, is larger than 27/ kp, for the whole
temperature range only the type-II coupling geometry applies
for this sample. Further the RKKY interaction between the
Dy layers prefers the ferromagnetic type of the spin align-
ment at the interfaces. Figure 7 shows the spin structure as it
can be derived using above formulated principles. Here, in
order to achieve a reasonable reconstruction, i.e., that repeat-
ing Dy/Y bilayers possess the same magnetic structure, the
interface Dy moments need to be twisted in a particular di-
rection. We emphasize that this twist angle between spins at
two interfaces is here negative, showing the left-handed ten-
dency for the dislocation of spins at the interfaces which is
opposite to the right handedness of the helix inside Dy layer.
This situation holds for all temperatures and magnetic fields
[see Figs. 4(c) and 5(c)].

The type-II coupling geometry is also present for the
sample Dy30/Y30 in the subcritical temperature range Ty
>T>T"=145 K accompanied again by the positive sign of
v for all magnetic fields [see Fig. 5(b)]. The RKKY interac-
tion between the Dy layers prefers again the ferromagnetic
type of the spin alignment at the interfaces. Therefore the
spin configuration for this temperature range is the same as
shown in Fig. 7. However, the situation changes for low
temperatures 7<T". Here, dp, becomes smaller than 27/ kp,
which leads to the type-I coupling geometry. The transition is
accompanied by the change in the sign of y from positive to
negative [see Figs. 4(b) and 5(b)] indicating that now the
left-handed helices are dominant in the sample. The RKKY
interaction between the spins at subsequent interfaces on the
other hand does not change with temperature, remaining the
ferromagnetic type. The spin structure of Dy30/Y30 changes
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FIG. 7. (Color online) The visualization for the reconstruction of
the spin structure in Dy42/Y30. The black arrows indicate the di-
rection of the magnetization in the planes at the center and at the
interfaces of two Dy layers. The right-handed chirality of helix
inside a Dy layer is shown by the dashed arrows, corresponding to
the positive sign of the field-induced chirality. The circle in the
middle of Y layer shows the mutual close-to-ferromagnetic dis-
placement of the magnetization at the two subsequent interfaces
(Dy/Y and Y/Dy). In this configuration one derives a negative (left-
handed) twist of the angle a between the two magnetizations. This
spin structure is also realized in the subcritical temperature range
for Dy30/Y30 and Dy30/Y15.

accordingly as shown in Fig. 8. We emphasize that now the
spin chirality within the Dy layer is left handed in accor-
dance to the experimental data but the twist angle between
spins at two interfaces still remains negative, showing the
same left-handed tendency for aligning the spins at the inter-
faces for the whole temperature range. This flip of the chiral-
ity with the temperature accompanied by the change in the
field-helix coupling geometry demonstrates the mechanism
of the coupling between the field and the chirality in the
system. It should be noted that the change in the direction of
the applied field in such a mechanism does not change the
sign or the value of the chirality as it was indeed observed
here in the experiment.

In the situation of the sample Dy30/Y 15, the type-I field-
helix coupling geometry is replaced by the type-1I geometry
at T=T"=145 K as already described for the sample Dy30/
Y30. The sign of vy changes from negative at low tempera-
ture to positive close to Ty for large magnetic fields [Fig.
4(a)]. The spin structure can again be reconstructed as shown
in Figs. 7 and 8 for the high- and low-temperature ranges,
respectively. However, the situation here is more complex
since the chirality vy is positive for low temperatures when
the fields are relatively low [Fig. 5(a)]. This complex behav-
ior is related to the fact that the interlayer RKKY interaction
is of the antiferromagnetic type. For a low magnetic field, the
field-helix coupling is also weak and the antiferromagnetic
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FIG. 8. (Color online) The visualization for the reconstruction of
the spin structure in Dy30/Y30 similar to Fig. 7. Here, a left-handed
chirality of helix inside a Dy layer is present indicated by the
dashed arrows, corresponding to a negative sign of the field-induced
chirality. Again a negative (left-handed) twist of the angle « be-
tween the two magnetizations is found. This spin structure is also
realized in the low-temperature and high-field regime for
Dy30/Y15.

interaction dominates due to the RKKY throughout the Y
layer, i.e., the field-helix interaction can be neglected. The
spin configuration for low temperatures and low fields is thus
constructed accounting for the antiferromagnetic RKKY be-
tween the Dy layers and for the positive sign of the chirality
inside the Dy layer. The reconstructed spin system is shown
in Fig. 9. Here the required twist angle between spins at two
interfaces is still negative. If now the field-helix coupling
becomes stronger than the antiferromagnetic interaction due
to RKKY, the type-I field-helix coupling geometry will be
dominant in the system (Fig. 8). In this case the antiferro-
magnetic coupling due to the RKKY interaction can be ne-
glected, which leads again to the spin configuration drawn in
Fig. 7.

The main result of the reconstruction of the spin configu-
rations for all samples is that the twist angle between the
spins at two interfaces is always negative for all temperatures
and magnetic fields. It can be therefore interpreted as a fin-
gerprint of a new type of the antisymmetric interaction giv-
ing the left-handed twist for the magnetically coupled spins
at the interfaces. It should be noted that, in principle, the
chirality can be also induced if the magnetic field was ap-
plied after ZFC to a temperature below 7. However, it was
not possible for the sample Dy42/Y30 for magnetic fields up
to 1 T. On the other hand, for the sample Dy30/Y15 and
Dy30/Y30 chirality can be induced after ZFC, if the applied
magnetic field exceeds the threshold value in the order of
H,,=300 mT or 400 mT, respectively. These values are close
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Y §

Y <

Dy <

FIG. 9. (Color online) The visualization for the reconstruction of
the spin structure in Dy30/Y15 for the low-field range H<H,, and
low-temperature range 7<T" (see also Figs. 7 and 8). Here, right-
handed chirality of helix inside a Dy is observed indicated by the
dashed arrows, corresponding to a positive sign of the field-induced
chirality. As already shown in the other reconstructions the twist of
the angle a between the two magnetizations is again negative (left
handed).

to that where the chirality y changes its sign in the FC re-
gime for Dy30/Y15 [see Fig. 5(a)], emphasizing the impor-
tance of the critical temperature range that should be passed
through during the FC procedure. Upon ZFC a helix inside
one Dy layer suffers from the domain walls between the
right- and left-handed spiral structures, which cannot be re-
moved at low temperature if the magnetic field is not high
enough. If the magnetic field is applied upon cooling, it first
removes the domain walls inside the Dy layer. Second, the
field-helix coupling competes with the interlayer RKKY in-
teraction. When the two interactions stabilizes the structure,
the third antisymmetric DM interaction, appearing due to the
lack of the symmetry inversion on the interfaces, reveals
itself through the experimentally determined twist angle be-
tween the spin planes of the Y/Dy interfaces. The DM inter-
action reflects itself finally through the sign of the average
chirality of the structure. One can conclude that the appear-
ance of the chirality is strongly related to the critical tem-
perature range where the softening of the magnetic structure
allows the weak chiral force to induce the nonequal popula-
tion of the left- and right-handed domains.

V. CONCLUSION

We have described the mechanism of the coupling of the
in-plane applied magnetic field to the sign of the average
chirality observed in three Dy/Y samples with different Dy
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and Y layer thicknesses. Furthermore, we speculate that the
spin chirality is caused by DM interaction, which stem from
the noninverse exchange coupling close to the magnetic-
nonmagnetic interfaces, similar to former findings at
surfaces.?®?” We also give further experimental evidence for
the appearance of a DM type of interaction at the interfaces
of the Dy/Y multilayer structure. This finding changes the
whole concept of the magnetic structures in nanomagnetism
as it introduces a new important DM interaction into the
consideration of all nano-objects including the multilayer
structures. The DM interaction presents a fundamental inter-
action in the theoretical considerations of the MMLs which

PHYSICAL REVIEW B 82, 195432 (2010)

leads to noncollinear spin arrangements at surfaces and
interfaces.?®
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