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Magnetic anisotropy control by
applying an electric field to the side
surface of ferromagnetic films
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facing spintronics devices. Electric field control of the magnetic anisotropy of ferromagnetic thin films
is a promising method to solve this problem. However, the electric field is believed to be effective only
within several nanometres of the surface in ferromagnetic metals because of its short Thomas-Fermi
screening length, which prevents its practical application to devices. Herein, we successfully modulate
the magnetic anisotropy of the entire region of the ferromagnetic layers in the elongated mesas of
vertical spin field-effect transistors with widths as large as ~500 nm by applying an electric field to the
side surface of the metallic GaMnAs-based mesas through an electric double layer. Our results will open
up a new pathway for spintronics devices with ultra-low power consumption.

The electric field control of ferromagnetism is expected to be a key technique for future low-energy, non-volatile
spintronics devices'™. Recently, the Curie temperature and magnetic anisotropy of ferromagnetic thin films have
been shown to be modulated by a gate electric field applied to the top surface of the films. However, the collective
modulation of magnetic anisotropy is effective only when the film thickness is extremely thin (~a few nano-
metres)"?, so it is difficult to use this technique in practical applications. Thus, new techniques to overcome this
problem are urgently needed.

The vertical spin electric-double-layer transistor (EDLT) used in our study (Fig. 1) is a type of a spin
metal-oxide-semiconductor field-effect transistor (spin MOSFET)?, which has ferromagnetic source and drain
electrodes and a semiconductor channel. Because of their current-amplification ability and compatibility with
mature semiconductor technologies, spin MOSFETs have promising applications, such as low-power reconfigur-
able logic gates® and non-volatile power gating’, with novel functions. In spin MOSFETs, a spin-polarized current
is injected from the ferromagnetic electrode to the channel and controlled by the magnetization directions of the
source and drain. Most of the previous studies were focused on conventional planar spin transistors®~'%; however,
the obtained magnetoresistance (MR) ratios were only 0.1%%, 0.005%°, and 0.03%'°. This is because the carrier
spins are quite sensitive to the crystal quality at the interfaces between ferromagnetic layers and semiconductors
and because the channel length (~um) is too long to prevent the influence of spin relaxation.

In this study, we adopt a vertical transistor structure'®, which is more practical because it allows for the
achievement of a short channel length on the order of nanometres with atomic-level control (Fig. 1a). Thus, we
can significantly suppress the spin-relaxation during transport. In theory, we can realize large MR as high as that
is obtained in magnetic tunnel junctions in the vertical device. We prepared elongated-mesa vertical EDLTs with
a width of 500 nm. In EDLTs*'7, we can apply a large electric field of up to ~10 MV/cm to the side surface of the
mesas using an ionic liquid. We successfully achieved a modulation ratio of the drain-source current Ipg up to
~20%, which is much larger than that obtained in the previous study on a vertical spin MOSFET (~0.5%)"?, and
we also obtained a large MR ratio (~5%) that was 50-1000 times as large as those observed in studies of conven-
tional planar spin field-effect transistors®-'. Furthermore, we found that the magnetic anisotropy of the ferro-
magnetic layers is modulated by the electric field (Fig. 1b,f). Because the electric field penetrates only less than
10 nm into the GaMnAs layers'?, and because the collective gate electric field modulations of ferromagnetism of
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Figure 1. Vertical spin EDLT and its operation principle. (a) Schematic illustration of the vertical-spin EDLT
with a thin GaAs channel (11 nm) between the ferromagnetic GaMnAs source and drain electrodes prepared
and examined in this study. The comb-shaped drain electrode is connected to the top of the 30 elongated

mesas, which have a width of 500 nm and a length of 50 um. The substrate was used as the source electrode.

A Au/Cr gate electrode was deposited on an insulating SiO, film next to the mesas. The gate electrode and
mesas were covered with electrolyte (DEME-TESI). (b,f) Schematic illustrations of our findings regarding the
modulation of the easy magnetization axis (white arrows) by the electric field. (c,g) Movement of the ions in the
electrolyte. (d,h) Band alignment in most of the region inside the mesas (green solid lines in (c,g)). (e,i) Band
alignment at several nanometres from the side surface of the mesas (green dotted lines in (c,g)). Here, (b-e)

and (f-i) correspond to the cases without and with an electric field, respectively. In (d,e,h,i), the black solid
lines represent the top of the valence band (Ey), the red dotted lines are the Fermi level (Eg) in GaMnAs, and the
yellow regions represent holes. By varying the gate electric field, the effective barrier height V5 at the side surface
changes, and Ig (yellow arrows in (c,g)) is modulated.

GaMnAs were observed only in extremely thin films, this behaviour was completely unexpected in such wide and
elongated mesas with a width of 500 nm. Our results indicate that applying an electric field to the side surface of
the ferromagnetic layers may be useful for the collective control of ferromagnetism in spintronics devices.

Results

Samples. The device used in this study has a thin GaAs channel (11 nm) between the ferromagnetic
Gay 9sMny o5As source and drain electrodes (Fig. 1a) (see the Methods section). The ferromagnetic p-type sem-
iconductor GaMnAs is one of the most appropriate materials for a proof-of-concept study of a spin MOSFET
because it can be epitaxially grown on a semiconductor GaAs without any dislocations. This can significantly
suppress the spin scattering of the tunnelling carriers. We fabricated elongated mesas with a width of 500 nm and
a length of 50 pm. The comb-shaped drain electrode is connected to the tops of the 30 mesas. The substrate was
used as a source electrode. By applying a gate bias voltage Vs to a Au/Cr gate electrode on an insulating SiO,
film next to the mesas, an electric field was applied to the side surface of the mesas through the electrolyte (N,N-
diethyl-N-(2-methoxyethyl)-N-methylammonium bis(trifluoromethylsulfonyl-imide), [DEME-TESI]). Thus,
holes are accumulated or depleted at the side surfaces of the mesas by Vs, thereby modulating Ij,s (Fig. 1b-i).
Here we note that the electric field modulation of the band structure is more effective in the intermediate GaAs
layer than in the top and bottom GaMnAs layers because there are many holes and thus strong screening in the
GaMnAs layers. In the GaMnAs layers, the potential only at the side surface is slightly modulated. Thus, the
electric lines of force originating from the side wall of the GaAs layer should go to one of the GaMnAs elec-
trodes, which results in a vertical component of the electric field in GaAs (Fig. 1i). All the measurements were
performed at 3.8 K, which is much lower than the Curie temperature (typically ~110-130 K when the Mn content
is 6%'8 of GaMnAs).
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Figure 2. Ipg-Vps characteristics at various V. (a) Ing- Vs characteristics measured at various Vg ranging
from —3.0 to 3.0V at 3.8 K. (b) I, modulation ratios for various Vg at 3.8 K.
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Figure 3. MR characteristics and definitions of angles ¢ and 6. (a) Tunnel resistance as a function of the
magnetic field p,H at Vpg=10mV and V=0V when ¢=135° (H//[110]) at 3.8 K. The tunnel resistance varies
with the magnetization configuration of the two GaMnAs layers. (b) Definitions of angles ¢ of H and 6 of M in
the (001) film plane.

Spin transistor operation. As shown in Fig. 2a, plotting I,g vs. the drain-source voltage Vg reveals that
|Ips| increases or decreases as Vg decreases or increases, as expected. The modulation ratio of I, which is
defined as [Ig (Vs) — Ins (Vgs=0V)]/Ips (Vgs=0V), is 10-20% when Vg is —3.0 V (Fig. 2b). The significant
improvement of the modulation ratio relative to that observed in the previous study (~0.5%)"? is achieved by
reducing the size of the device and increasing the electric field using the ionic liquid.

For spin transistor operation, the I,; modulation by the magnetization alignment is important. As shown in
Fig. 3a, the tunnel resistance is controlled by the magnetization configuration of the two GaMnAs layers; the tun-
nel resistance is high in the anti-parallel magnetization configuration and low in the parallel one. It is noteworthy
that the anti-parallel magnetization configuration is realized because the coercivities of top and bottom GaMnAs
layers are different due to the heating during the growth'®. Here, the MR ratio is defined as (Ryp — Rp)/Ryp, where
Rp and R,p are the tunnel resistances in the parallel and anti-parallel configurations, respectively. Therefore, in
our vertical spin EDLT, current modulation by both the gate electric field and the magnetization alignment is
successfully achieved.

Magnetic anisotropy control. Furthermore, we found that the electric field applied to the side surface of
the device influences the magnetic anisotropy of the entire region of the GaMnAs layers in these elongated mesas.
The magnetic anisotropy was investigated by measuring the in-plane magnetic-field direction ¢ dependence of
the MR (Fig. 4a—e). Here, ¢ is defined as the angle from the in-plane [100] direction (Fig. 3b), and the MR ratio is
defined as [R(H) — R(0)]/R(0) at each ¢, where R(H) is the tunnel resistance when the applied magnetic field is H.
The observed anisotropy of MR means that the obtained MR characteristics are originated from tunnel mag-
netoresistance effects, not from tunnel anisotropic magnetoresistance effects (For the detail, see Supplementary
Note 1, and Supplementary Fig. S1). As shown in Fig. 4a-e, both of the MR patterns and the MR ratio are modu-
lated with V5. When V=0V, the MR pattern is symmetric with respect to the [110] axis (Fig. 4c). Meanwhile,
when V5 <0V, it becomes asymmetric (Fig. 4a); the red-coloured regions, which correspond to the nearly ideal

SCIENTIFICREPORTS|7:5618 | DOI:10.1038/s41598-017-05799-8 3


http://1
http://S1

www.nature.com/scientificreports/

a Experiment b Experiment c Experiment d Experiment e Experiment
Vee =3V, Vo =10mV  V =-15V,V, =10mV V=0V, V, =10mV  V =15V,V, =10mV V=3V, V, =10mV
10 [010] 3.8K . [010] 3.8K . [010] 3.8K
208
o8
g}
D02
P
L 0.2
‘?:‘a 04
805
=10
q012345 q012345 q012345 H012345 q012345
MR ratio (%) MR ratio (%) MR ratio (%) MR ratio (%) MR ratio (%)
f Calculation g Calculation h Calculation i Calculation j Calculation
Vee =3V, Vo =10mV Vo =-15V, Vo =10mV V=0V, V, =10mV V=15V, V, =10mV V=3V, V, =10mV
~ 10 3.8K
o 0.8
Q06
g 04
o 0.2
L 0.2
E 0.4
0.6
g08
=10
1012345 1012345 1012345 1012345 1012345
MR ratio (%) MR ratio (%) MR ratio (%) MR ratio (%) MR ratio (%)

Figure 4. Experimental and calculated ¢ dependences of the MR at various Vs. (a—e) Experimentally obtained
MR characteristics as a function of the magnetic field direction ¢ at each Vg when V,3=10mV at 3.8 K. For
each ¢, we applied a strong magnetic field in the opposite direction of ¢ and decreased it to zero before the
measurements. Subsequently, we measured the tunnel resistance while increasing the magnetic field in the ¢
direction. The measurements were carried out using a step size of 15° of ¢. (f-j) Calculated MR characteristics
as a function of ¢ using the coherent rotation model. The magnetic anisotropy fields used in the calculations are
summarized in Fig. 5a,b. Here, P in equation (2) was set to 0.15.
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Figure 5. Derived magnetic anisotropy fields of the GaMnAs layers at various V. (a,b) Obtained magnetic
anisotropy fields Hg, Hy(j9; and Hypg ) s @ function of Vg for the top GaMnAs layer (a) and the bottom GaMnAs
layer (b). The values of e/M for the top and bottom GaMnAs layers were set to 0.568 and 0.830, respectively. (c,d)
Calculated magnetostatic energy E at H=0 as a function of the magnetization direction ¢ for the top GaMnAs
layer (c) and the bottom GaMnAs layer (d) when Vs=—3V, 0V, and 3V obtained with the magnetic anisotropy
fields shown in Fig. 5a,b. Magnetic easy axes corresponding to the local minima of E are indicated by arrows.
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anti-parallel magnetization configuration, extend in the [110] (or [110]) direction. When Vs> 0V, the
red-coloured regions are broadened, and the pattern has a slight tendency to be four-fold symmetric along the
(100) direction (Fig. 4e).

Discussion

To understand the mechanism underlying this behaviour, we calculated and reproduced the polar plot of the
MR ratio using the Stoner-Wohlfarth coherent rotation model. In this model, the magnetostatic energy E of a
ferromagnetic film, which has a magnetization M in the in-plane direction of  with respect to the in-plane [100]
3,20

direction (Fig. 3b), is expressed by
MHy5
E = %Sirf(zg) + ﬂsirf[g _ 3_”]
8 2 4
MH,
+$sin2[9 — E] — MH cos(6 — ¢), W

where Hp, Hyio) and Hyg, are the biaxial anisotropy field along (100) (i.e., [100] and [010]), the uniaxial aniso-
tropy field along [110] and that along [010], respectively. In this model, § is determined so that E takes a local
minimum. In addition, we allowed the magnetization to be reversed by the nucleation and propagation of the
180° domain wall; in this case, # moves from one local minimum to another local minimum with a lower energy
when the energy difference between these points exceeds the domain nucleation/propagation energy . When the
relative angle of the magnetization directions of the top and bottom ferromagnetic layers in our device is Ad, the
MR ratio is expressed by?!

PY1 — cos(A9))

(MR ratio) = 5 R
1 + P~ cos(A6) (2)

where P is the spin polarization of the ferromagnetic layers.

Using equations (1) and (2) and the values of Hy, Hyy(;,(;and Hypoyq plotted in Fig. 5a,b, we can well reproduce
the ¢ dependence of the MR (Fig. 4f-j, see the Methods section, Supplementary Note 2, and Supplementary
Fig. S2). The difference in the V5 dependence of the anisotropy fields between the top and bottom GaMnAs lay-
ers probably results from the different quality between the two layers. As shown in Fig. 5a,b, the uniaxial anisot-
ropy along [110] (Hyi1op is dominant in both GaMnAs layers. As Vg increases, the biaxial anisotropy (Hy) tends
to be stronger. This tendency is different from that in the previous report, in which the uniaxial anisotropy
increased as the gate electric field applied to the top surface of the GaMnAs layers increased'. This difference may
be caused by the difference in the electric field direction (i.e., parallel to the side surface vs. parallel to the top
surface) or the film quality.

In our model, domain walls are considered only when the magnetization switch occurs. Thus, in principle,
our model is a single-domain model. Therefore, the good agreement between the experimental ¢ dependence
of the MR (Fig. 4a—e) and that calculated using this model (Fig. 4f-j) indicates that the magnetic anisotropy of
the entire region of the elongated mesas (width: 500 nm) is changed by the gate electric field applied to the side
surface (Fig. 5a-d). In particular, as shown in Fig. 5¢, the magnetic easy axis of the top GaMnAs layer is rotated
by 16° (Fig. 1b,f), which is larger than that (~10°) observed in the previous study’, by the gate electric field. This
behaviour is surprising and cannot be explained in the current understanding of the electric field’s control of
ferromagnetism, because magnetic anisotropy is modulated in such wide elongated mesas (~500 nm), while the
potential is modulated only within ~10nm of the side surface of the GaMnAs layers. This situation may be similar
to the case of the collective metal-insulator transition observed in VO, induced by the gate electric field applied
to the film’s top surface??. In ref. 22, the metal-insulator transition was observed in the entire region of films with
thicknesses up to 70 nm, although the charges were accumulated only at the top surface of the films. The collective
phase transition occurs because it is favourable to remain in a single phase at length scales less than a domain size
to minimize interface energy?. In the analogy of the metal-insulator transition in VO,, the collective modulation
of ferromagnetism in GaMnAs can be explained. In GaMnAs, the typical magnetic domain size is a few pm?*, and
it may not be energetically favourable for a domain wall to form along the longitudinal direction of the elongated
mesas. Thus collective control of the magnetic anisotropy is possible just by changing the magnetic properties
within 10 nm of the side surface.

Our results indicate that applying an electric field to the side surface of the ferromagnetic layers may be quite
effective for the manipulation of magnetization in spintronics devices, and suggest that the shape or size of the
mesas is important for the collective control of the ferromagnetism in thin films. Further miniaturization and
exploring more appropriate materials will realize the more effective modulation even at room temperature.

Methods

Growth. The heterostructure composed of Gay4;Mng sAs (9.2 nm)/GaAs (11 nm)/GayesMn gsAs (10 nm)/
GaAs:Be (100 nm) was grown on a p*GaAs (001) substrate by low-temperature molecular beam epitaxy. The sub-
strate temperatures during the growth of the bottom Ga, ¢;Mn, ¢5As, the middle GaAs, and the top Ga, ¢sMny osAs
layers were 205 °C, 185 °C and 195 °C, respectively.

Process. After the growth, we fabricated the vertical spin EDLT structure. We partially etched the grown
films, buried the etched area under a SiO, insulating film, and then formed a contact pad for the drain electrode
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on the insulating film to allow Ipps to flow only in the patterned mesa diodes, which have a width of 500nm and a
length of 50 pm. In our measurements, before changing Vi, we increased the sample temperature to 220K from
the measurement temperature of 3.8 K because, at this temperature, the ionic liquid is frozen and the ions in the
electrolyte cannot move. After changing Vs, the sample was cooled to 3.8 K while maintaining V. Although
the Au/Cr drain electrode and the GaAs:Be layer are also covered by the ionic liquid, they are metallic and thus
the gate-modulation effect in them are negligibly small (see Supplementary Note 3, and Supplementary Fig. S3).

Measurements. The Ij,s- Vs characteristics were measured before H was applied at each V. Thus the mag-
netization direction of every magnetic domain in each GaMnAs layer was not aligned in the same direction,
because the sample temperature was increased to ~220 K, which is much higher than the Curie temperature
(typically ~110-130 K when the Mn content is 6%) of the GaMnAs layers, to change Vg before the Ipg - Vg
measurements. To measure the ¢ dependence of the MR, we applied a strong magnetic field of 1 T in the opposite
direction of ¢ to first align the magnetization directions, and then we decreased the magnetic field to zero before
the measurements. Subsequently, we started to measure the tunnel resistance while increasing the magnetic field
from zero in the ¢ direction. The measurements were performed at every 15° step of ¢. To calculate the ¢ depend-
ence of the MR, P was set to 0.15. During the measurements of the ¢» dependence of the MR, the Joule heating was
negligibly small (see the Supplementary Note 4, and Supplementary Fig. S$4).
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