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Abstract: Taking the advantages of semiconducting properties and carrier-mediated ferromagnetism in (Ga,Mn)As, a giant modu-
lation of magnetism via electric field in (Ga,Mn)As ultrathin film has been demonstrated. Specifically, huge interfacial electric field
is obtained by using ionic liquid as the gate dielectric. Both magnetization and transport measurements are employed to charac-
terize the samples, while the transport data are used to analyze the electric filed effect on magnetism. Complete demagnetiza-
tion of (Ga,Mn)As film is then realized by thinning its thickness down to ~2 nm, during which the degradation of ferromagnetism
of (Ga,Mn)As ultrathin film induced by quantum confinement effect is suppressed by inserting a heavily-doped p-type GaAs buf-
fer layer. The variation of the Curie temperature is more than 100 K, which is nearly 5-times larger than previous results. Our res-

ults provide a new pathway on the efficient electrical control of magnetism.
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1. Introduction

Attributed to its scaling down capability and potential ad-
vantage on significantly lowering the power consumption,
electrical control of magnetism has been one of the hottest top-
ics in the research of spintronics!l. For instances, magnetiza-
tion reversal by spin transfer and/or spin-orbit torque, and mag-
netic domain wall motion by spin-polarized current have been
extensively studied and proved to be very promisingl'->.. The
ultimate goal of the endeavor is definitely to decrease the
switching energy of a single magnetic bit to its theoretical
limit, in which controlling the magnetism in nanoscale
through applying an electric field is one of the most attractive
methods.

As one of the very first demonstrations, dilute magnetic
semiconductors (DMS) have played a very critical role, due to
their features of combining carrier-mediated ferromagnetism
and relatively low carrier density togetherl®-11, Among these
materials, (Ga,Mn)As has been investigated most extensively,
based on which electric-field control of Curie temperature (T¢),
saturation magnetization (M), coercive field (H.), magnetic an-
isotropy and magnetization vector rotation has all been success-
fully realized!'2-151, So far, previous reports were mainly focus-
ing on the mechanism of the electrical control of magnetism,
and/or exploited this method to investigate the rich physics in
(Ga,Mn)As and related heterostructures®-'3.. As a fundament-
al question, it is also interesting to know to what extent one
can manipulate the magnetism in (Ga,Mn)As films experiment-
allyrel,
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In principle, the main obstacles that restrict the electric-
field effect on the magnetism in (Ga,Mn)As lie in two aspects:
firstly, stronger ferromagnetism requires larger hole density,
which will then decrease the penetration depth of the electric-
field and limit the electric-field effect; secondly, thinning down
the (Ga,Mn)As films to less than ~5 nm usually makes it insulat-
ing and even destroys its ferromagnetism. Correspondingly,
two routes could be employed to partly figure out these prob-
lems: one is using advanced techniques that can apply larger
electric-field than the upper limit of conventional gating meth-
od, which usually uses solid state dielectrics as the gate insulat-
or and results in a highest breakdown strength of electric-field
of ~1V/nml17-21]; the second way is trying to maintain the ferro-
magnetism of (Ga,Mn)As while decreasing its thickness!'4 15221,
For the first solution, ionic liquid and organic molecules have
shown their power by presenting enhanced manipulation cap-
ability'7-21], However, experiments adopting the second meth-
od are still rarel'7-21],

In this work, by a special layer structure design which sup-
presses the hole depletion near the interface of (Ga,Mn)As and
GaAs or (Al,Ga)As layers, we successfully grew ferromagnetic ul-
trathin (Ga,Mn)As films with thickness down to ~2 nm.
Moreover, these samples maintain relatively high T¢ (~100 K)
and metallic transport properties. Furthermore, by using ionic
liquid as the gate dielectric, giant modulation of magnetism
via electric-field in (Ga,Mn)As thin film was realized. As indic-
ated by the transport measurements, the largest variation of
Tc exceeds 100 K, which is nearly 5-times larger than previous
results. Our results provide a new pathway for the efficient
electrical control of magnetism in (Ga,Mn)As.

2. Sample design and device fabrication

Two series of (Ga,Mn)As samples with thickness of ~2 nm
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Fig. 1. (Color online) Schematic diagrams of the layer structure for (a) series-A and (b) series-B samples. The (Al,Ga)As buffer layer plays the role of
an energy barrier, and the low-temperature grown n-type GaAs in series-A samples will deplete the holes in (Ga,Mn)As film to some extent, while
the heavily-doped p-type GaAs layers in series-B samples are used to suppress the hole depletion.

Table 1. Detailed information of series-A and series-B samples.

Series-A Series-B
Parameter
Al A2 A3 B1 B2 B3 B4
Mn (%) 8 9 10 8 9 10 1
Thickness (nm) ~2 ~2 ~2 ~2 ~2 ~2 ~2
Underlayer LT-GaAs (n-type) Be-doped GaAs (p-type)

were grown on GaAs (001) substrates by molecular-beam epi-
taxy (MBE), which are named as series-A and series-B samples,
respectively. All the underlayers were deposited at ~560 °C,
while the (Ga,Mn)As layer was grown at ~220 °C. In each set of
samples, four (Ga,Mn)As samples with nominal Mn concentra-
tion of ~8%, 9%, 10% and 11% are prepared. The main differ-
ence between these two sets of samples is that the low-temper-
ature grown GaAs or (Al,Ga)As underlayer in conventional lay-
er structure were replaced by a heavily Be-doped GaAs layer.
The layer structure is shown in Fig. 1, and the sample informa-
tion is listed in Table 1. The doping concentration of the Be-
doped GaAs is about 2 x 10'° cm-3, while its thickness is 4 nm,
the same with the low-temperature GaAs layer. It is well
known that the hole density in (Ga,Mn)As with T¢ higher than
100 K is usually in the range of 5 x 1092 x 102" cm-3, which
will be partly depleted at the interface, especially when the un-
derlayer is low temperature grown n-type GaAs layer. This de-
pletion phenomenon is not important when (Ga,Mn)As film is
thick enough, but can be very crucial for ultrathin films, which
might account for the insulating tendency of ultrathin
(Ga,Mn)As films. Moreover, the hole-mediated ferromagnet-
ism of (Ga,Mn)As will also be strongly weakened as a result of
the hole depletion. For the above reasons, the heavily p-
doped GaAs layers in series-B samples are expected to sup-
press the depletion of holes and the tendency of being insulat-
ing (or even loss of ferromagnetism) in (Ga,Mn)As ultrathin
films.

After being taken out from the MBE chamber, the
(Ga,Mn)As samples were then annealed in the atmosphere at
220 °C for 1 h. Subsequently, 3-nm-thick HfO, was deposited
at 100 °C on (Ga,Mn)As by atomic layer deposition (ALD), dur-
ing which the pulses of Hf(NMe,), and de-ionized water were
alternatively generated with N, purging between each period.
The HfO, can protect the ultrathin (Ga,Mn)As film from being
damaged by the following device fabrication processes. The
samples were then patterned into Hall-bar devices (10-30 um
wide) using photo-lithography and argon ion beam etching, fol-

lowing which an isolated Au/Cr electrode was formed by
thermal evaporation and lift-off processes. lonic liquid 1-ethyl-
3-methyl  imidazolium  bis(trifluoromethylsulfonyl)imide
(EMITFSI) was then dropped on the Hall device as the gate
dielectric.

3. Magnetic and transport properties

Figs. 2(a) and 2(b) show the temperature dependent mag-
netization curves for these two series of heavily Mn-doped
(Ga,Mn)As samples. A magnetic field of 20 Oe was applied
along the GaAs [-110] direction, in order to cover the un-
known influence of the residual magnetic field from the super-
conducting magnet in our magnetometer. As can be seen, all
the samples exhibit well-defined ferromagnetism with their
Curie temperatures ranging from around 80 to 135 K. It is clear
that Tc of both sets of samples increases with the increase of
Mn content. However, no consistent enhancement of T¢ is ob-
served for series-B samples, although they are expected to
show stronger ferromagnetism due to the less depletion of
holes near the interface. Notice that T¢ of sample B4 with 11%
Mn content is higher than sample B3, but its magnetization at
low temperature is smaller. The lower T¢ of sample B3 might
be attributed to the strong compensation of holes by As antis-
ites, while the lower magnetization for sample B4 can be
ascribed to the antiferromagnetic Mn—-Mn exchange intera-
tion (direct exchange without the assistance of holes).

As for the transport properties, we mainly focus on the tem-
perature dependence of longitudinal resistance (R-T curves).
Figs. 3(a) and 4(b) plots the R-T curves for both series of
samples, and the results are very different. For series-A
samples, the sample resistances increase rapidly when decreas-
ing the temperature and even become unmeasurable except
sample A3 with 10% Mn content. On the contrast, the sample
resistances of series-B samples increase first and then de-
crease with decreasing the temperature, similar with the typic-
al behaviors of metallic thick (Ga,Mn)As films. In comparison
with the transport results of series-A samples, we conclude
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Fig. 2. (Color online) Temperature dependence of the magnetization for (a) series-A and (b) series-B samples. The magnetic field of 20 Oe is ap-
plied along the (Ga,Mn)As [-110] direction. An enhancement of T with the increase of Mn content can be clearly observed, while there is no ob-
vious difference between the magnetic properties of these two series of samples.
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Fig. 3. (Color online) (a) Longitudinal resistance as a function of temperature for series-A samples. (b) Temperature dependent longitudinal resist-
ances of sample A4 under gate voltages, in which the peak shifts to lower (higher) temperature when the applied voltage is +2 V (-2 V).

thatthe heavily-doped p-GaAs underlayer does suppress the de-
pletion of holes in (Ga,Mn)As to some extent, although it does
not show observable influence on their magnetization data.

It is well established that the R-T curves of metallic
(Ga,Mn)As sample can be used to estimate its T, which is
roughly corresponding to the metal-insulator transition temper-
aturel23-261_ |t is worth mentioning that accurate determina-
tion of Tc by R-T curves is difficult, since the correspondence
between T and the peak of R-T or dR/dT-T curves was not al-
ways correct. Experimentally, they are found to be sample de-
pendent, although some people claim that the peak of
dR/dT-T curves should be used to determine T¢ in optimized
and uniform (Ga,Mn)As samples!27: 28], For simplicity, here we
use the peak of R-T curves to characterize T. Itis clear that the
peak of each R-T curve indeed appears near T.

4. Giant electric-field effect on magnetism

The gate electric-field was applied between the isolated
electrode and one of the current leads, as shown in Fig. 4(a).
The R-T curve was then recorded with the gate voltage (V)
fixed at a certain value during the whole measurement pro-
cess. Fig. 3(b) presents the results for sample A4 with 11% nom-
inal Mn content, and clear change of the resistance can be ob-
served when the gate voltage is changed from -2 to 2 V. Fortu-
nately, all three curves show a transition peak despite the resist-
ance becomes too large to show a good signal to noise ratio
(SNR). Specifically, the peak of its R- T curve shifts to lower (high-
er) temperature when the applying Vg is +2 V (-2 V), which can
be ascribed to the depletion (accumulation) of holes in the ul-

trathin (Ga,Mn)As channel, and is consistent with previous the-
oretical and experimental resultsl'©-22], As discussed above,
the modulation range of T¢ can then be roughly determined
to be from ~116 to 151 K, with a large variation magnitude of
~35 K. This value is comparable with that achieved by using or-
ganic molecules and several times larger than the typical value
obtained by using conventional solid-state gating method.
Fig. 4(c) shows the gating results for sample B4, which has
the same nominal Mn content with sample A4. Similar shifts of
the peak occurred, and in the whole temperature range good
SNR ratios were obtained. Under the same gate voltage range,
Tc changes from ~92 to ~148 K, resulting in a variation mag-
nitude of ~56 K. This is a further improvement of the gating cap-
ability, much larger than the values achieved in previous re-
portsl0-22, Notice that the magnetism of sample B4 is relat-
ively hard to tune due to its higher Mn and hole density, as in-
dicated by the resistance shown in Fig. 4(b). Therefore, exten-
ded electric-field effect on magnetism is expected for the
samples with lower Mn and hole concentration. In Fig. 4(d),
the gating results for sample B1 is presented, in which an in-
crease of T from ~87 to ~115 K is observed. Moreover, the
peak of the R-T curve disappears when applying +2 V to the
sample, and the resistance rapidly increases to be larger than
1 MQ. In consideration of the hole-mediated ferromagnetism
in (Ga,Mn)As, this insulting behavior probably indicates that
sample B1 is demagnetized in the whole temperature, which
means a variation of T of ~115 K via electric-field. We note
here that more experimental evidences, especially the challen-
ging magnetization data with applying gate voltage that can

H L Wang et al.: Giant modulation of magnetism in (Ga,Mn)As ultrathin films via electric field
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Fig. 4. (Color online) (a) Schematic of the device structure. (b) Longitudinal resistance as a function of temperature for series-B samples. (c, d)

Temperature dependent longitudinal resistances for samples B4 and B1 under various gate voltages, in which clear peak shifts can be observed.

be directly measured by magnetometers are needed to con-
firm this inference.

Finally, we want to discuss the details of the differences
between the two series of samples qualitatively. At first, it
should be pointed out that the annealing effect would prob-
ably be different, because the diffusion energy potential for
the interstitial MnZ* (Mn;,,) is not the same: for series-A
samples, a large built-in electric-field in the (Ga,Mn)As/n-GaAs
p-n junction would prevent the diffusion of the Mn;, ions,
while this effect is much weaker in (Ga,Mn)As/p-GaAs junction.
Combining with the magnetic measurementresults, it can be in-
fer that the hole density in series-A samples is larger than that
of series-B samples. However, according to the transport meas-
urements, the effective thicknesses within which the hole
density is large enough to maintain the ferromagnetism of the
series-A samples should in general be smaller than the series-B
samples (probably except sample A3). These two factors, i.e.,
the effective thickness and the hole density, interplay with
each other, and result in the coexistence of similar magnetic be-
haviors and quite different transport properties.

5. Conclusion

In conclusion, by replacing the n-GaAs or (Al,Ga)As under-
layers in conventional sample structures with p*-GaAs, we suc-
cessfully grew ferromagnetic metallic ultrathin (Ga,Mn)As films
with thickness down to ~2 nm. Furthermore, large interfacial
electric-field near the (Ga,Mn)As layer was realized by using ion-
ic liquid as the gate dielectric, which results in a giant modula-
tion of magnetism in these ultrathin (Ga,Mn)As films. As indic-
ated by the transport measurement, the largest variation of T
exceeds 100 K, in which a demagnetization in a wide temperat-
ure range was observed. Our results are nearly five times lar-
ger than previous results obtained by gating, and are also
much larger than that achieved by using organic molecules.

Our results prove the feasibility of enhancing the electric-field
effect on magnetism by thinning down the (Ga,Mn)As
samples, which provide a new pathway for the efficient electric-
al control of magnetism in (Ga,Mn)As.
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