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We demonstrate charge-mediated and non-volatile control of anisotropic magnetoresistance
(AMR) in a dilute magnetic semiconductor (Ga,Mn)(As,P) with an integrated polymer ferroelectric
gate. The persistent electric field associated with switchable polarization in the ferroelectric layer is
shown to be capable of strongly modulating the AMR magnitude. Furthermore, ferroelectric gate
switching has a profound impact on the nature of AMR, changing the symmetry of the effect and
enhancing/suppressing the crystalline component of AMR. Thus, in addition to a rather weak
modulation of the ferromagnetic Curie temperature (4-5K) reported previously, the ferroelectric
gate can induce a strong deterministic switching of the magnetotransport anisotropy. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4731245]

Anisotropic magnetoresistance (AMR), referring to the
symmetrical dependence of electrical resistivity on magnet-
ization vector orientation, draws a great deal of attention in
view of applications in magnetic data storage. The dilute
magnetic semiconductor (DMS) (Ga,Mn)As has recently
emerged as a model system for AMR. Owing to a strong
spin-orbit coupling and a relatively simple band diagram, it
quickly became a preferred testing ground for first principle
and phenomenological models.'~

DMS are of particular interest for exploring AMR-
related phenomena because of the possibilities of external
control of ferromagnetism, given the carrier-coupled nature
of their ferromagnetism and the resulting susceptibility of
the magnetic properties to electric field. A variety of mani-
festations of magneto-electric coupling in (Ga,Mn)As and
related materials includes dielectric and ferroelectric gate-
based control of ferromagnetic transition,*> coercive field>°
and magnetization vector orientation.” The magnitude of
AMR in (Ga,Mn)As was also reported to be susceptible to
modulation by electric field applied to a gate.®'°

In this work, we report on AMR in phosphorus co-
doped (Ga,Mn)As, controlled via a polymer ferroelectric
gate. We demonstrate that large changes in AMR magnitude
can be accompanied by profound changes in its shape. In
particular, ferroelectric polarization-induced suppression of
the AMR and switching of the symmetry between dominant
uniaxial and biaxial forms are demonstrated.

We use ferroelectric field effect transistor (FeFET) devi-
ces based on a 7-nm (Gag 94sMng o6)(AS0.oPo.1) magnetic active
channel layer grown by molecular beam epitaxy (MBE) on a
(001) GaAs substrate with a 25-nm Ga(As 9Py ;) buffer layer.
Further details of MBE growth can be found in Ref. 11.
25/100-nm thick Ti/Au contacts were deposited by electron
beam evaporation. A 180 x 2000 um Hall bar channel ori-
ented along the [1-10] orientation of (Ga,Mn)(As,P) was
defined by standard photolithography. The distance of 650 um
separated two pairs of Hall voltage probe leads connected to
the channel. Ferroelectric co-polymer P(VDF-TrFE) (77/23%)
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film with thickness of 300 = 10nm was spin coated from a
2% solution in methyl ethyl ketone, followed by a short
7-min. long crystallization anneal at 136 °C. The top gate Au
electrode was deposited by thermal evaporation. An additional
400 x 400 um? electrode has been patterned on each Hall bar
mesa for independent control of the ferroelectric layer per-
formance. The tests systematically deliver high quality sharp
polarization hysteresis loops with remnant polarization of
8-9 uC/cm? and coercive field of 550-650 kV/cm, for the loop
frequency of 10 kHz. The detailed analysis of the ferroelectric
gate operation including polarization hysteresis data has been
presented in the previous publication.'

The usage of phosphorus co-doped DMS and a mini-
mized annealing schedule to avoid the removal of compensat-
ing defects'? results in devices which combine high resistive
modulation with robust ferromagnetism. Reversal of the ferro-
electric polarization by applying * 14V to the gate electrode
results in a low temperature on/off ratio above 10 between the
accumulation and depletion states (Fig. 1(a)). In the accumula-
tion state, ferromagnetism below 31K is revealed using the
well-established technique'® based on the cusp of sheet resist-
ance derivative dR,../dT (Fig. 1(b)). This cusp is suppressed
in depletion due to low conductivity, but a 67 K downward
shift of the ferromagnetic transition temperature Tc can be
confirmed via ferromagnetic switching signatures in magneto-
transport as described elsewhere.'>

The temperature dependence of resistance in ferroelec-
trically gated (Ga,Mn)(As,P) and (Ga,Mn)As follows a ther-
mal activation-type law at low temperatures (Fig. 1(c)):

(Rsheet/Ro) ™" = exp(AE/kpT), (1)

where R.../Ro is the sheet resistance normalized by the expo-
nential pre-factor, AE is the activation energy, and kg is the
Boltzmann constant. (Ga,Mn)(As,P) annealing studies'® and
comparison with an analogue reference device based on a
7-nm (Gag94Mng o5)As DMS (Fig. 1(b)) show that P doping
induces a progressive metal-to-insulator transition (MIT),
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FIG. 1. Electrical transport in the (Ga,Mn)
(As,P) layer, in accumulation and depletion
states of the ferroelectric gate. (a) Temper-

ature dependence of R, and the on/off
ratio (inset). (b) Temperature derivative of
Ryjer. (¢) Mlustration of thermal activation

behavior and comparison to a reference de-
vice without phosphorus co-doping. (d)
Extracted activation energies for the two
ferroelectric gate states in both devices.
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linked to the Mn impurity moving deeper into the bandgap.'’
The action of the ferroelectric gate allows one to move
towards or away from the MIT, as evidenced by the increase
of AE upon poling the gate in depletion (Fig. 1(d)).

Large Ry, and its modulation are interesting in view of
obtaining large and gate controllable AMR.'® Fig. 2(a)
shows measurements with a constant saturating magnetic
field of 0.5 T rotated between the [001] out-of-plane (OOP)
and [1-10] in-plane (IP) orientations. Here, the angular de-
pendence of AMR is of second order in 0, the field angle
with respect to [1-10], as defined in Fig. 2(b), and can be
described by:

ARxx(0) _ AMRoor

(Ga,Mn)(As,P)

[001]

(Ga,Mn)As

where ARyx/min(Ryy) is the change of longitudinal electrical
resistance normalized by its minimum. AMR pop is the con-
ventional measure of AMR defined as the normalized differ-
ence of Ryx with magnetization M oriented along the current
and out of plane vectors I and n:

Ryx(M || I) — Ryx(M || i7)

AMR = —
Rx(M | 7)

. 3)

Fig. 2(c) shows a large enhancement of AMRyop in
depletion mode at temperatures below the ferromagnetic
transition (near 30 K). It reaches a factor of 3 at 15 K. It was
achieved owing to the large resistivity modulation in Fig.
1(a), as illustrated by the scaling of AMRyop with the zero-
field electrical resistance (Fig. 2(d)).

FIG. 2. (a) Ferroelectric gate modulation of
AMR in a saturating field of 0.5 T, rotated in
the out-of-plane geometry, illustrated in (b).
(c) Temperature dependence of the AMR
magnitude and (d) its scaling with the zero-
field sheet resistance of the (Ga,Mn)(As,P)
channel.
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(a) [1-10] [100] [110] [O10] [-110]

FIG. 3. (a) Ferroelectric switching of the

AMR symmetry in a saturating field of
(c) 0.5T, rotated in the sample plane, as illus-
trated in (b). (c) Temperature dependence of
the 2nd and 4th order contributions (C>, and
Cyy) to the in-plane AMR.
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A noteworthy aspect of the data in Fig. 2(a) is the posi-
tive sign of AMRop across the entire studied temperature
range, i.e., Ryy is higher for M || I than for M || 7. This is in
contrast to the negative AMR commonly observed in com-
pressively strained (Ga,Mn)As films.'”>' The negative
AMR is consistent with the strain inversion to tensile in
(Ga,Mn)(As,P) grown on Ga(As,P), as predicted by micro-
scopic modeling based on the k.p theory combined with
mean-field kinetic-exchange splitting.?**>

The most striking manifestations of gate effect on AMR
occur in a different measurement geometry, with a constant
0.5T field rotated in the sample plane. The field angle  is
defined with respect to the [110] orientation, as shown in
Fig. 3(a). This in-plane AMR is a superposition of 2nd and
4th order contributions C5,, and C4l/,:1

ARux(¥) _ Cay - cos(2y) + Cyy - cos(4y). @)

min (Rxx)

This provides an accurate description for the observed
intricate angular dependence of the in-plane AMR, shown for
the 15-35 K range in Fig. 3(b). Here, the gate effect induces
very pronounced changes in AMR shape. It is further illus-
trated in Fig. 3(c), where the values of C5,, and Cy, extracted
by fitting Eq. (4) to the experimental data are shown. Poling
the ferroelectric gate modulates the 2nd order component and
deterministically switches the 4th order one on and off.

This leads to a particularly remarkable situation at
T=20K, where the near perfect 2-fold AMR symmetry in
accumulation is broken in depletion, where the Cyy, compo-
nent dominates. Equally noteworthy is the gated suppression
of AMR at T = 15K, where in accumulation AMR is not dis-
tinguishable above thermal noise, while in depletion it
reaches a large 1% amplitude.

The origin of the heavily modulated 4-th order compo-
nent lies in the crystalline AMR, to be distinguished from the
non-crystalline AMR, which dominates in bulk (Ga,Mn)As.
The crystalline components of the AMR arise from modula-
tions of the shape of the Fermi surface and the interplay with

k-dependent scattering times as the magnetization is rotated
in strongly spin-orbit coupled systems. The effect on the
Fermi surface of modulating carrier density by electrical gat-
ing will be larger when the Fermi energy is closer to the band
edge, as is the case when P is co-doped with (Ga,Mn)As and
carriers are compensated in the as-grown state by interstitial
Mn defects.'? Also, localized states which can be strongly
anisotropic may play a significant role in the transport prop-
erties of these highly resistive samples. Previously, large
crystalline components have been observed to emerge in
ultrathin DMS layers below 10-nm thickness."'® Control of
crystalline components in ultrathin films has previously been
demonstrated via strain using piezoelectric transducers***>
and photolithographic constrictions.”>® Here, we show a
high degree of electrostatic control over the crystalline con-
tribution to AMR induced by switchable polarization of the
ferroelectric gate.

In conclusion, electric-field-controlled persistent switch-
ing of the AMR behavior has been observed in the ferroelec-
tric FET structure with ultra-thin (Ga,Mn)(As,P) channel.
The essential features include the possibility of non-volatile,
ferroelectric-gate-driven modulation/suppression of the
AMR signal, and switching of the AMR symmetry with turn-
ing on/off the crystalline AMR component. From the appli-
cation prospective, these results show a different mode of
multiferroic device operation compared to the earlier
reported ferroelectric control of ferromagnetic Tc.> In con-
trast to a relatively weak ferromagnetic Tc modulation, the
AMR switching presented in this letter has a deterministic
character, implying potential applications in memories and
logic elements. These results reveal great opportunities
offered by ferroelectric gating that brings to DMS-based
spintronic devices additional functionalities of non-volatile
switching and reversible, non-destructive nano-patterning of
ferroelectric domains.
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