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Abstract

Control of magnetic domain walls (DWs) and their propagation is among the most
promising development directions for future information-storage devices. The well-
established tools for such manipulation are the spin-torque transfer from electrical
currents and strain. The focus of this work is an alternative concept based on the non-
volatile ferroelectric field effect on DWs in a ferromagnet with carrier-mediated
exchange coupling. The integrated ferromagnet/ferroelectric structure yields two
superimposed ferroic patterns strongly coupled by electric field. Using this coupling we
demonstrate an easy to form, stable, non-destructive, and electrically re-writable switch

on magnetic domain wall propagation.



The search for strongly-coupled magnetoelectric multiferroics is driven by both the
interesting fundamentals and the potential for exploitation in novel spintronic-type
devices' . Of particular practical interest from the device point of view are hetero-
layered systems with an extrinsic charge-mediated coupling, featuring a ferromagnet with
carrier concentration-sensitive properties and a ferroelectric as a source of a non-volatile
field effect. Prominent examples of such combinations are lanthanum manganites with
oxide ferroelectrics*” and dilute magnetic semiconductors (DMS) with polymer
ferroelectrics’. Closely related is the large body of work using various dielectrics in place
of ferroelectrics for volatile control of ferromagnetism in field effect transistor (FET)-like
structures’ .

Efforts to date have focused largely on controlling the hysteresis in the

ferromagnetic phase, e.g. switching between paramagnetic and ferromagnetic orders

7.9,10,12 49,12

, control of magnetization magnitude or its coercive field “'*. Generally, in the
case of charge-driven coupling, the origin of these effects can ultimately be traced to a
modulation of the ferromagnetic transition temperature (7¢). It largely tends to be a
relatively weak effect limited to a shift of 10-20 K (as in +9) or less between the two
device states.

A promising, more subtle approach is to switch some further details of the
ferromagnetic order. For instance, there have been encouraging results in the attempts to
induce magnetization rotation by changing the easy magnetic axis orientation by field

15-17

effect'>!'* or strain'> 7. Possibility of strain-mediated control of magnetic domain pattern

and DW motion in two-component metal/ferroelectric systems has been demonstrated'™®



20 A volatile electrostatic control of domain wall velocity via a gate dielectric has been
achieved in ultrathin cobalt®'. Such phenomena are also under intense investigation in

single-component ferromagnetic systems, such as nanowires of transition metals and

22-24 25,26

dilute magnetic semiconductors, where strain and spin-transfer torque can be
used as manipulation tools. Such control of domain propagation under spin-polarized
electrical current pulses is the cornerstone of the racetrack memory concept, which uses
DW sequences as memory bits” %

In this paper, we demonstrate electrostatic control of magnetic domains in a hetero-
layered DMS/ferroelectric system. Its essential functionality is the possibility to
electrically write a reversible and non-volatile DW propagation switch. This control is
unambiguously observed by the strong footprints of DWs in magnetotransport arising
from the Extraordinary Hall Effect (EHE). Moreover, we use the magneto-optical Kerr
Effect (MOKE) as a direct demonstration, imaging ferromagnetic domain patterns that
are controlled by the ferroelectric polarization.

We first present magnetotransport measurements based on the structure illustrated
in Fig. 1a, a ferroelectric-gate FET using a DMS (Mn-doped GaAs) channel®’. The
channel was codoped with phosphorus in order to produce tensile strain in the epitaxial
film and thus rotate the easy axis from the common in-plane (IP) to the out-of-plane
(OOP) direction’ ™. As will be seen below, this feature is essential, as it introduces in
our system magnetic domain walls®'** between the two OOP directions of magnetization
M. The ferroelectric gate was formed by the ferroelectric polymer P(VDF-TrFE), whose

polarization hysteresis loop is seen in Fig 1b. Here we will show transport data for

channels under the remnant polarizations, marked by empty circles. The electric field



from the remnant polarization controls the carrier density in the channel, forming stable
depletion and accumulation of the holes in the valence band of the channel®. The carrier
density controls in turn the Mn-Mn exchange, and thus 7¢ and the properties of the
ferromagnetic state of the DMS channel***’,

The EHE is proportional to the perpendicular component of the magnetization
vector, yielding the most direct transport signature in the Hall resistance Ryy of the
(Ga,Mn)(As,P) channel. The response to a magnetic field B applied along the OOP
direction was found to be clearly hysteretic below 7¢ (Fig. 1c). The gate-induced collapse
of this hysteresis near 7¢ (28 K) and the modulation of its coercivity are consistent with
its downward (upward) shift in the depletion (accumulation) state of the ferroelectric
gate, as reported previously®®.

The data in Fig. 1c were obtained on an as-grown channel, in which 7¢ is
suppressed due to carrier compensation by interstitial Mn defects®®. We have
demonstrated previously that 7¢ can be recovered under a low-temperature annealing
regime®® by removing these interstitial Mn ions from the DMS layer®. In the present
report we have focused on the behavior of such structures in which the channel has been
annealed at 130°C for 5 and for 10 hours. The recovered high 7¢ following the annealing
process3 % is a direct result of an increase in the carrier (hole) concentration in annealed
films, as illustrated by the conductivity data of Fig. 1d. The gate modulation under
depletion/accumulation is of course limited in the more heavily doped (annealed) films,
but the detection of DW signatures in magnetotransport is greatly simplified.

For an OOP easy axis the investigation of DW motion is conveniently

accomplished by monitoring the Hall (Rxy) and longitudinal (Rxy) resistances in the



geometry shown in Fig. 2a, with the applied field B now in-plane and parallel to the
current / (B || I). The essential advantage of this geometry is that the magnetization
reversal process is driven by the very small OOP field component Bz, due to the
experimental misalignment between B and the Hall bar plane (Fig. 2b). The reversal
process is then drawn out over a larger applied field range to the point where DW
propagation can be examined.

The full sequence of magnetization rotations is readily observed in the
measurement of Ryy (Fig. 2¢), which follows the EHE and thus provides a direct measure
of the OOP component of MO Referring to Fig. 2c, for a sweep from positive to
negative field: at step (I) B is positive and strong enough to force M along the hard axis
(IP), resulting in an IP monodomain state. (II) As the field is reduced, M rotates towards
its easy axis (OOP). Importantly, M is aligned in one direction by the vertical field
component By. (II1) As the signs of B and B are reversed, there is a gradual reversal of M
towards the opposite OOP direction. (IV) At high negative B, M is once again forced into
an I[P monodomain state along the IP direction. The following reverse field sweep mirrors
these processes.

The presence of domain-walls is clearly seen in the longitudinal resistance Ryy,
which displays asymmetric spikes (Fig. 2d) upon magnetization reversal. This signature
originates from circulating components of the electrical currents passing through domain

walls, leading to the admixture of EHE into the measurement of Ryy 40-43

. The spikes thus
occur only when there are domain boundaries in the Hall bar, i.e. when the bar is in a

multi-domain state.



Of particular interest is the step (III) in the magnetization rotation sequence, where
the coercive point of Ryy signals the absence of a preferential orientation of M. It occurs
at the same point in field as the asymmetric spike in Rxy and can be interpreted as the
point of maximum DW density*. The coincidence of these two signatures in our samples
is consistently observed over a wide range of temperature and offset angles™.

The heavily annealed (Ga,Mn)(As,P) channel of Fig. 2¢ and d shows unmistakable
signatures of the progressive switch between two single-domain states accompanied by
domain wall propagation. However, the ferroelectric control in this channel was limited
due to its high hole concentration. In contrast, the much lower hole concentration (and
higher resistance) in samples without post-growth annealing allows for a much higher
degree of control (Fig. 2e and f). This functionality is illustrated by the Hall resistance
with B ||I in Fig. 2e. At a temperature of 18 K the separation between the two reversals of
M, signaled by the Hall resistance crossing through zero, is obvious for both the
accumulation and depletion polarization. By 24 K the depletion state shows no opening,
confirming that 7 has been exceeded, but in accumulation the hysteretic opening
remains even at 28 K. These observations are summarized in Fig. 2f, which shows this
opening plotted vs temperature. The 20% modulation of 7¢ is the largest we have
achieved to date. However, the asymmetric peaks in Ryy signaling DW propagation are
masked in this channel by its very high electrical resistance.

We turn finally to the intermediate hole concentration film achieved with a five-
hour anneal (right-hand section of Fig. 2). At 41 K (Fig. 2g), the accumulation state
yields a clear hysteresis in the Hall (Ryy) resistance, whose coercive point is coincident

with a spike in the sheet (Ryy) resistance. Both these signatures of magnetization reversal



through DW propagation are absent in the depletion state at this temperature, but are
recovered at 38K (upper panel of Fig. 2g). Fig 2f has more detailed data®® for every 0.5 K
between 38 and 44 K with Ryy peak and Ryy crossover fields plotted against temperature.
It is clear that the observed effect originates from a 7¢ shift of 3.5K (8%). Both the
absolute value and the shift of 7¢ observed in this experiment correlate very well with the
ones signaled by the cusp in the temperature derivative of sheet resistance dRxx/dT (Fig.
2i, and Supplementary Figure 2°°). Annealing the device seeks to exploit a trade-off
between the improved clarity of the domain reversal signatures and the reduced
temperature gap between accumulation and depletion. Nevertheless, this compromise
situation clearly demonstrates the non-volatile switching of both studied signatures:
coercive point of Hall voltage indicating magnetization switching and longitudinal
resistance spike characteristic of DW propagation.

We have confirmed the change of ferromagnetic domain dynamics associated with
the ferroelectric field effect using magneto-optical polar Kerr effect (MOKE)
microscopy. The transparent nature of the polymer ferroelectric gate offers a valuable
benefit of optical access, which allows for direct visualization of the ferromagnetic state
switching via the MOKE technique. This experiment was carried out on Hall bars
fabricated from the same material in the same processing run as the ones used for the
transport measurements presented above. These samples were annealed post-processing
for 1h at 130° in order to enhance the measurable MOKE signal.

Prior to placing the samples into the MOKE system the polarization in the polymer
ferroelectric was patterned by applying 30V to an atomic force microscope (AFM) tip

while scanning a region of 50x50 pm, as sketched in Fig. 3a. The stability and uniformity



of the polarization within the poled area have been confirmed by mapping the amplitude
and phase of the local piezoelectric response45 performed 24h after poling (fig. 3b and c).
During the MOKE experiments, a perpendicular magnetic field of a few mT was first
applied to the sample in order to induce a fully switched monodomain state. Then the
magnetic field direction was reversed and the field was swept by small steps of 0.02 mT
to the opposite polarity. After each step a MOKE image has been collected from the area
of 75x100 pm covering the border between the poled and non-poled regions and
subtracted from a reference picture in the saturated state.

The resulting differential pictures in Fig. 3(d, ) and movie 3d in supplementary
material clearly show the influence of ferroelectric polarization on the ferromagnetic DW
propagation. At 31K (3-4K below 7¢) the DMS area under the region of the ferroelectric
poled by the AFM tip in depletion switches at lower fields compared to the surrounding
(unpoled) regions, with multiple nuclei of opposite domains. This observation is fully
consistent with a lower 7¢ and coercive field in depletion state, as expected from the
magnetotransport data of Fig. 2. The boundary of the poled ferroelectric area clearly
projects on the MOKE images, directly showing that the propagation of the magnetic
domains is impeded by this boundary. Similar measurements repeated at 25K (about 10K
below Tc) demonstrate similar behavior with multiple nucleation sites clearly seen at the
initial phase of the switching process. The occurrence of this transient multidomain
configuration is in agreement with the appearance of the asymmetric spikes in the
longitudinal magnetotransport.

The patterning of the ferroelectric gate was also carried out with an alternative

technique, using a standard top gate electrode for application of a 30V bias to the



ferroelectric gate. After poling the gold gate electrode was chemically removed by wet
etching in order to optically access the channel (Fig. 3f). Ferroelectric patterns obtained
with this method induce similar changes in the ferromagnetic domain dynamics. Poling in
the accumulation (depletion) state impedes (facilitates) the ferromagnetic switching as
shown in the series of images in figures 3 (g, h) and movie 3g in supplementary material.
In both cases the boundary of poled/unpoled regions of the polymer gate projects on the
magnetic channel as a sharp border between two oppositely magnetized domains. This
border remains stable resisting the magnetic domain propagation while the external
magnetic field is increased by 0.3-0.35 mT, then a monodomain state gradually sets on.
These experiments validate results obtained on the AFM-poled area by showing the same
behavior on the areas poled with the conventional electrodes. These data indicate that the
change of magnetic properties is a result of the ferroelectric gate effect rather than any
alternative mechanism based on magnetic material modification due to the very high
electric field in the vicinity of the AFM tip.

The ensemble of Fig. 3 confirms a strong coupling between the superimposed
ferroelectric and ferromagnetic domain patterns. By selectively patterning the
ferroelectric polarization, one can locally increase or decrease the field threshold for
magnetic domain reversal. This can be used to control the direction of DW propagation
or to trigger domain nucleation at preferential sites.

Using this gate effect as a tool for manipulation of magnetic domains and DWs is
attractive because of its non-volatile and re-writable nature. This makes it an intriguing
complement to the existing concepts of magnetic DW logic using electrical currents to

induce their propagation®’*. A number of functionalities of interest for such logic can be



enabled by the addition of the non-volatile gate, such as definition of racetrack
geometries, particular pinning sites for DWs and voltage switches for closing/opening
racetracks for DWs. Moreover, ferroelectric polarization in P(VDF-TrFE) lends itself
readily to the definition of complex patterns, including the possibility of lateral
downscaling with resolution down to several tens of nm*®. Therefore, while beyond the
scope of this work, the DMS/P(VDF-TrFE) system can provide a unique opportunity to

study DW dynamics at the nanoscale without the use of lithography.
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