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Abstract:

Using spin-polarized low energy electron microscopy, we discovered a new type of
domain wall structure in perpendicularly magnetized Fe/Ni bilayers grown epitaxially on Cu(100).
Specifically, we observed unexpected Néel-type walls with fixed chirality in the magnetic stripe
phase. Furthermore, we find that the chirality of the domain walls is determined by the film
growth order with the chirality being right-handed in Fe/Ni bilayers and left-handed in Ni/Fe
bilayers, suggesting that the underlying mechanism is the Dzyaloshinskii-Moriya interaction at
the film interfaces. Our observations may open a new route to control chiral spin structures

using interfacial engineering in transition metal hetero-structures.
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Magnetic domains and the associated domain walls (DWs) are inherent to magnetic
materials and control quintessential magnetic properties, and the competition among the
exchange interaction, magnetic anisotropy and the dipolar interaction governs the basic DW
structures. In magnetic ultrathin films, the common textbook picture distinguishes two canonical
types of DWs: Bloch walls for perpendicularly magnetized films and Néel walls for in-plane
magnetized films [1,2]. While the DWs in in-plane magnetized thin films have been revealed
extensively because of their greater length scale, the DWs in perpendicular magnetized thin
films have not been fully explored in experiment because of their smaller size. Therefore it
remains an open question whether the Bloch wall should be necessarily the only type of DWs in
perpendicularly magnetized ultrathin films although it has been the textbook example for a long
time.

Furthermore, DWs involve a spin rotation in space, and one significant quantity that
characterizes a DW structure is the chirality of spin rotations. Magnetic materials are usually
considered to be achiral overall, and in macroscopic samples DW sections with left- and right-
handed rotation sense should balance out on average. The existence of homochiral magnetic
order was recently found in several materials with B20 crystal structure [3,4]. The chirality was
attributed to the Dzyaloshinskii-Moriya interaction (DMI) [5,6] which can occur only in structures
that lack inversion symmetry. In addition, homochirality was recently recognized in the cases of
several ultrathin film systems [7,8,9], where it was attributed to non-vanishing DMI associated
with absent inversion symmetry at surfaces and interfaces. Then the interesting question is
whether interface-driven DMI could be strong enough to lift the left-right chiral degeneracy of
DWs in thin films. Experimental tests of DW chirality in ultrathin films are important not only to
the fundamental understanding of DWs and to research on topologically protected
nanomagnetic structures [10], but also to the development of DW-based spintronics devices
[11,12,13], because DW chirality has been suggested to greatly suppress the critical current

density in driving DW motion [14].



In this Letter, we show that real-space imaging of the magnetic stripe phase of epitaxial
Fe/Ni bilayers on Cu(001) [15,16] by spin-polarized low energy electron microscopy (SPLEEM)
reveals the existence of homochiral Néel-type DWs even at room temperature. We further show
that the chirality is determined by the growth order of the Fe/Ni film, supporting the inversion-
symmetry breaking mechanism of the DMI at the Fe/Ni interface.

Our experiments were performed in the SPLEEM system at the National Center for
Electron Microscopy at Lawrence Berkeley National Laboratory. With this instrument magnetic
contrast along two in-plane axes (x and y) and along the out-of-plane direction (z) can be
mapped independently with lateral resolution of the order of 10nm [17], so that the three
magnetic components M,, M,, M, of the spin structure inside the DWs can be resolved in real
space. In order to maximize the magnetic contrast, the energy of the incident electron beam
was chosen to be 9.5eV for Ni films and 9eV for Fe films. A Cu(001) substrate with miscut angle
of less than 0.1° was cleaned by cycles of Ar* sputtering at 1.0 keV and annealing at 600 °C. Fe
and Ni layers were grown at 300K. Film thickness was controlled by monitoring image intensity
oscillations associated with atomic layer-by-layer growth. All the SPLEEM images were
performed on the as-grown samples at room temperature.

Typical SPLEEM images of the out-of-plane stripe domain phase in a Fe/Ni/Cu(001)
sample are shown in Fig. 1(a) to (c). Fig. 1(a) depicts the out-of-plane magnetization component
M,, whereas Fig. 1(b) and (c) depict the in-plane magnetization components M, and M,,
respectively. The strong contrast in the M, image indicates perpendicular magnetization of the
stripe domains in this film. In the M, image, very weak contrast on stripe domains indicates that
magnetization of the stripe domains is canted towards to the in-plane direction by approximately
2°; such canting has been theoretically predicted for a stripe domain phase near spin
reorientation transition [18]. In order to clearly show the direction of the magnetization vector in
Fig. 1(d), the in-plane components of the magnetization in the domain wall are represented by

color and the out-of-plane component represented by gray (+M,) and black (-M,). It is believed



that, in theory, Bloch-type DW structure should be a ground state in stripe phases because the
in-plane magnetization components of Néel-type DWs would add additional magnetic dipole
energy [1,19]. Our domain images, however, always show a perpendicular relation between the
DW in-plane magnetization and the stripe directions, which means that the DWs between the
stripe domains in Fe/Ni bilayers are Néel-type, as opposed to the theoretically predicted Bloch-
type. In addition, each DW displays only a single color [Fig. 1(d)], indicating a fixed chirality
along each individual DW. Moreover, the in-plane magnetization of neighboring DWs always
alternates, i.e., the in-plane moments of the DWs always point from the +M, domain to the
neighboring —M, domain. This result shows that the stripe domain pattern is an inhomogeneous
spin cycloid with right-handed chiral DWs [Fig. 1(e)] [20]. We found that this right-handed
chirality is a well-reproduced phenomenon over the sample area, and also independent of the
DW orientation, indicating that the observed chiral DWs in the Fe/Ni bilayer are isotropic in the
film plane.

The presence of homochirality cannot be explained by exchange interaction, dipolar
interaction, and anisotropy alone because these interactions won'’t lead to a chiral preference.
Chirality emerges when conventional models of magnetism are augmented with the DMI [5,6]
The energy contribution from the DMI can be written as Epy = D;; - (S; X S;), where D;; is the
DMI vector, §; and §; are magnetic spin moments located on neighboring atomic sites i and ;.
Hence the DMI favors magnetic spins on neighboring atomic sites to be aligned orthogonally,
and the energy competition between the DMI and the exchange coupling will lead to a non-
collinear spin structures with a fixed chirality.

In layered structures made of high-symmetry materials, the DMI arises from spin—orbit
scattering of electrons in the inversion asymmetric crystal field at the interfaces [7-9]. For a thin
film system such as Fe/Ni/Cu(001), we can apply the symmetry conditions given in ref. [6] and

deduce that D;; vector lies in the film plane and perpendicularly to the spin-spiral direction, i.e.



D;; should be perpendicular to the position vector connecting neighboring spins. For Bloch DWs,
the vector §; X §; is parallel to the spin-spiral propagation direction (e.g., perpendicular to the
vector D;;) so that the DMI of Epy = D;j - (S; X §;) vanishes. For Néel-type DWs, the vector
§; X §; is perpendicular to the spin-spiral propagation direction so that the non-zero DMI lifts the
left-right chiral degeneracy, resulting in a fixed chirality of the Néel-type DWs. Therefore a
Bloch-to-Néel DW transition is expected as the DMI strength exceeds a critical value. In such a
case, the ground state will no longer be Bloch DWs but Néel-type DWs with a fixed chirality
determined by the sign of the DMI, as seen in the SPLEEM images shown in Fig. 1.

To further clarify how the DMI stabilizes the chiral DWs, we constructed a two-
dimensional Heisenberg model that includes the exchange interaction, magnetic anisotropy,
dipolar interaction, and the DMI [21] to simulate the magnetic domains by Monte-Carlo
simulation. Although this computer model is not designed be compared quantitatively with the
experimental result, it captures the essential magnetic features in the Fe/Ni/Cu(001) system. We
implemented a two-dimensional square lattice with periodic boundary conditions and non-zero
D;; vectors for nearest neighbor sites, separated by the lattice vectors ;. The Fe/Ni/Cu(001)
system has an fcc crystalline structure and the D;; vectors must reflect the 4-fold rotational
symmetry of the system, as sketched in Fig. 2(a) [22]. With zero DMI strength, this model
results in a stripe domain phase which is the lowest energy state due to the competition
between long range dipolar interaction and short range exchange interaction [15]. Such stripe
domains contain only Bloch DWs, as expected [Fig. 2(b)]. (Metastable disorder and defects
within the simulated stripe domain patterns were removed by simulating small in-plane magnetic
field pulses.) To see how the DMI leads to Néel-type chiral DWs, we gradually increase the
strength of DMI in the simulation. We find that the spins inside the DWs rotate from the direction
parallel to the DW direction (Bloch-type) to the direction orthogonal to the DW direction (Néel-

type) as the magnitude of the D;; vectors exceeds a threshold value. The resulting Neel-type



DWs shown in Fig. 2(c) all have fixed chirality and spins in neighboring DWs aligned anti-
parallel, consistent with our experimental observation. By reversing the sign of the DMI,
opposite DW chirality is obtained from the simulated domains. The detailed model and
parameters for our Monte-Carlo simulation can be found in the supplemental material [23].
Several implications that follow from this model can be tested experimentally. The short-
range nature of the DMI implies that the homochirality of the Néel DWs is a local property that
should not depend on the distance to neighboring DWSs. This can be tested by looking at a well-
known feature of magnetic stripe phases [15], the exponential decrease of the stripe width with
film thickness near a spin reorientation transition point: keeping the Ni film thickness fixed at 2
ML and increasing the Fe layer thickness by a few percent in the vicinity of 2.5 ML, we find that
the stripe width decreases by orders of magnitude (10um to 0.3um) as the spin reorientation
transition is approached [Fig. 3(a)-(d)]. Notably, these images show that Néel-type DW structure
and the right-handed chirality are robust features of this system, consistent with the
interpretation that the short-ranged DMI is the driving force of this DW chirality. In addition,
recalling that the DMI in the Fe/Ni/Cu(001) system is an interfacial effect suggests that its
contribution to the magnetic structure should decrease with increasing thickness of the structure
until, above some threshold, a transition from the chiral Néel-type DWs to achiral Bloch-type
DWs would be expected. This prediction was confirmed, as shown in Fig. 3(e)-(h). By increasing
mainly the Ni film thickness while keeping the Fe layer thin, the bi-layer structure remains in the
stripe phase over a wide thickness range [16]. We find that the Néel-type DWs with right-
handed chirality persist up to 7ML Ni thickness [Fig. 3(e) to (g)], and then switch to the Bloch-
type above 10ML Ni thickness [Fig. 3(h)]. These Bloch DWs are magnetized parallel to the DW
plane with the in-plane magnetization component randomly distributed in sections along each
single DW [as marked by arrows in Fig. 3(h)], indicating absence of magnetic homochirality in

this situation. The simultaneous switching of the DWs from Néel-to-Bloch type and the loss of



homochirality in thicker Ni films support the fact that the observed magnetic chirality is an
interfacial effect.

The interfacial character of the DMI also suggests that the sign of the DMI could be
altered by reversing the Fe and Ni film order. To test this idea we grew Ni/Fe/Cu(001) samples
and found that the in-plane magnetization component in the DWs in Ni/Fe/Cu(001) always
points from -M, domain to +M, domain [Fig. 1(f)], i.e., in the opposite direction as compared to
the DWs in Fe/Ni/Cu(001). This shows that the domain structure in the Ni/Fe bilayers is now a
spin cycloid with leff-handed chirality [see Fig. 1(g)].

The strength of the DMI in Fe/Ni/Cu(001) system can be estimated from the
experimentally observed Néel-to-Bloch DW transition thickness. Since the exchange energy and
the anisotropy energy are equal for both type DW structures, the final DW type is determined by
the energy competition between the DMI energy and the dipolar energy. The DMI energy is zero

for Bloch walls and reduces the energy by ~nx| D;;| in a Néel DW [20,23]. The dipolar energy is

smaller in Bloch DWs than Néel DWs [1,19] by a quantity proportional to the total magnetization.
Therefore we are able to estimate the strength of the DMI by calculating the dipolar energy
difference at the Néel-to-Bloch DW transition. By calculating the Néel-wall case in
Fe(2ML)/Ni(7ML)/Cu(001) and the Bloch-wall case in Fe(1.3ML)/Ni(10ML)/Cu(001), we bracket
the DMI value in the Fe/Ni/Cu(001) system to be 0.12 - 0.17meV per atom [23]. This estimated
DMI value is about one order of magnitude smaller than that observed in the Mn/W(001) system
[8]. Theoretically, the magnitude of the DMI vector is related to the spin-orbit coupling and
electronic structure of the system [6]. Thus the weaker DMI in our Fe/Ni/Cu(001) system is not
unexpected because the spin-orbit coupling strength in Fe, Ni, and Cu substrate is relatively
weaker than that in the tungsten substrate in the Mn/W(001) system. This DMI is much smaller

than the exchange coupling so that it can’t induce a spin spiral structure at the atomic scale as



shown in Mn/W(001) system [8]; however, it is sufficiently strong to stabilize the chiral spin
structure in the DWs of the stripe phase.

We have shown that the contribution of interfacial DMI to the magnetic structure
decreases with increasing layer thickness, hence one might expect that DMI-driven chiral DWs
should exist only in ultrathin films, which may limit its application in DW-based spintronics
devices. This limitation can be overcome by stacked multilayers. To avoid likely cancellation of
the antisymmetric DMI at Fe/Ni and Ni/Fe interfaces in (Fe/Ni), multilayers, we prepared
(Fe/Ni/Cu), multilayers where only one type of the Fe/Ni interface exists in each period [see Fig.
4(a)]. Carefully tuning the thickness of each layer to maintain perpendicular magnetic anisotropy,
we constructed (Fe/Ni/Cu), multilayer stacks up to n=4, with 21ML total thickness of the
structures. SPLEEM imaging confirms that the right-handed chiral DWs remain stable: as shown
in Fig. 4(b) to (d), the magnetization inside the DWs is always along the x direction and is
always anti-parallel in neighboring DWs. In this stacked system, the perpendicular anisotropy is
weak and the magnetization cants ~18° away from the surface plane so that both z and y
components inside the stripe domains show clear magnetic contrast. Recalling that the
transition thickness between the chiral Néel-type DW and the achiral Bloch-type DW in Fe/Ni
bilayer is around 10ML, we attribute the observed increase of the transition thickness to 21ML in
the multilayer stack to the enhancement of the effective DMI.

These real-space observations of the Néel-type chiral DW structures in Fe/Ni/Cu(001)
not only prove the existence of chiral magnetic order at room temperature, but also open a new
route to explore the DMI in magnetic bilayers from both experimental and theoretical points of
view. By controlling the growth order of the Fe and Ni layers, we provide an effective way to
change the magnetic chirality in magnetic thin films. Moreover, our results demonstrate the
possibility of enhancing the DMI in stacked magnetic multilayers, which enables the
development of devices made of 3d transition metals that integrate spin spirals to achieve novel

spintronics functionalities.
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FIG. 1 (a) to (c) SPLEEM images of 2.5ML Fe/2ML Ni/Cu(001) mapping orthogonal
magnetization components: (a) M, (b) My, (c) M,. Top right symbols define x,y,z axis
and spin directions. The field of view is 8um. (d) Compound image constructed from the
SPLEEM images in (a)-(c) highlighting the DW. The color wheel represents the direction
of in-plane magnetization. (e) Schematic of chiral DWs along the red line in (d), showing
right-hand chirality [20]. (f) Compound magnetic image observed in a Ni/Fe/Cu(001)
sample. (g) Schematic of chiral DWs along red line in (f), showing left-hand chirality [20].

White arrows in (d) and (f) indicate the in-plane spin orientations inside the DWs.
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FIG. 2 (a) Schematic of the DM vector D;; (red arrows) and lattice vectors r;;. (b)
Monte-Carlo simulation result of the stripe domain with D;; = 0 shows achiral Bloch-
type DWs. (c) simulated stripe domain with sufficiently large D;; shows chiral Néel-type

DWs.\The color wheel shown in (b) represents the direction of in-plane magnetization.

The white arrows in (b)-(c) correspond to in plane spin orientations inside the DWs.



FIG. 3 (a) to (d) Compound magnetic images in Fe/2ML Ni/Cu(001) samples with Fe
layer thickness dr, of (a) 2.43ML, (b) 2.46ML, (c) 2.50ML and (d) 2.51ML. (e) to (h)
Compound magnetic images in Fe/Ni/Cu(001) samples with different Ni layer thickness
dni , (€) dnv=1ML, dre=2ML, (f) dn=2ML, dre=2.5ML, (g) dn=7ML, dre=2ML, (h) dn=10ML,
dre=1.3ML. The field of view is 8um except in (c) where it is 4um. White arrows
correspond to in-plane spin orientations inside the DWs. The color wheel shown in (a)

represents the direction of in-plane magnetization.



FIG. 4 (a) Schematic of stacked [Fe/Ni/Cu], multilayer. (b) to (d) SPLEEM images with
X, ¥,z components of M from
Fe(1.5)/Ni(2)/[Cu(2)/Fe(2.2)/Ni(2)]2/Cu(2)/Fe(1.2)/Ni(2)/Cu(001) (Number's unit is ML).
The field of view is 8um. White arrows in (c) correspond to in-plane spin orientations

inside the DWs.
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