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Abstract

Here, we speculate that room temperature voltage-controlled ferromagnetic ordering may
become a founding phenomenon for the next generation of |ow-power spintronics nanodevices
and discuss the specia role of dilute magnetic semiconductors as the most reliable material
basisto date. Then, we report on our latest experimental achievements in the voltage
manipulation of the ferromagnetism in MnGe quantum dots, experimentally demonstrating the
capacity of pushing the Curie temperature further above room temperature for technological
applications.

(Somefiguresinthisarticle are in colour only in the electronic version)

1. Introduction The dissipation comes mainly from the electric currents

The recent chalenges faced in scaling by complementary
metal—oxide—semiconductor (CM OS) technology have promp-
ted the search for alternative solutions, one of which is
magneto-electronics (ME). The underlying idea is that ME
devices use the electron spin instead of the electron charge
as a state variable and/or memory unit. It is understood
that in order to be competitive with CMOS, ME devices
should be operable at room temperature (RT) and have
solid-state redlization. The above requirements exclude the
implementation of spins of single electrons, thus promoting the
usage of the ferromagnetic order (FO)—the collective electron
spins of ferromagnetic materials. The FO of tiny metallic
parts has been employed for magnetic data storage purposes
for decades [1] with the most recent achievement in this
direction being el ectric-current-controlled spin-transfer-torque
(STT) memory [2-4]. FO-based memory is advantageous [5]
in the light of the (inhomogeneous) variability issues of
electron-charge-based memory.

As opposed to the purposes of data storage, in
which the high variability is the most outstanding problem
a the nanometer scale, information processing (or data
manipulation) suffers mostly from energy dissipation issues.
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Figure 1. The instanton-transistor is a device with a controllable non-local exchange coupling between two ferromagnetic state variables, F1
and F2. The gate voltage turns the non-local exchange coupling between F1 and F2 on and off. When the channel is ‘ off’ (left figure), F1 and
F2 tend to aign according to the magnetic dipole interaction between them. When the channel is ‘on’, the non-local exchange interaction
through the channel tends to overcome the magnetic dipole interaction and align F1 and F2 in the same direction. The state of the device with
F1 and F2 aigned in opposite directions can be viewed as though there is a domain wall (instanton) in the channel. Alternatively, the
operation of the device can be viewed as a transistor, which controls the instanton-current between F1 and F2. From this perspective, F1 and
F2 can be looked upon as the * source’ and ‘drain’ for the magnetic-orientation.

is what could be called an instanton-transistor. This device
enables the gate-voltage control of the instanton-current flow
(or the magnetization-orientation flow), that is of the non-
local exchange coupling between the magnetization orientation
of the ‘source’ and ‘drain’, as shown in figure 1. The
physical essence of the operation of the V CFO-material-based
instanton-channel is that its Curie temperature (7¢) is close
enough to the RT and the relative position of 7, and RT on the
temperature scale can be reversibly interchanged by the gate
voltage.

From a material realization point of view, on trying to
locate the requirements which a VCFO material must satisfy,
one expects that in reality the voltage variation of T is
relatively small. This implies that the device operates in
the critical region. In the critical region, the influence of
the injected carriers on the magnetization is determined by
the magnetic correlation length, ¢ ~ A(T;/|IT — T¢))",
where v is the critical exponent, which depends on on the
universality class of ferromagnetic transition, and A isthe so-
called cutoff—a characteristic length, which is approximately
several lattice constants and which does vary considerably for
different materials. The correlation length diverges near the
transition point and can definitely be in the order of dozens
of nanometers in the critical region. The above is true for
al ferromagnets and consequently for the nanometer-scale
realization of the VCFO all ferromagnets with 7, close to RT
are more or less the same [11-15]. From another point of
view, the coupling between the FO and the injected carriers
must be strong. Again, al the itinerant-electron ferromagnets
(even metals) satisfy this requirement. Supporting the above
statements is the recent experimental demonstration of that
in complex oxides, in which electron density is ailmost at the
metallic level (107 cm~3), the T-variation is even higher than
that in (Mn)GaAs DMS [16]. Nevertheless, due to their high
compatibility of DMS with today’s Si technology, it is likely
that the reliable RT-VCFO will be first realized in the DMS
materials.

Among the DMSs are Mn-doped Si and Ge, which
have attracted extensive attention recently [17-27]. In these

materials, both the 7, and the saturation magnetization depend
on the interplay of a variety of factors, which are ultimately
determined by the growth conditions and post-annealing
process [28, 29]. The concentration and distribution of
Mn dopants, the carrier density, the presence of common
defects such as Mn interstitials and Mn clusters significantly
influence the magnitude and interactions of the magnetic
coupling [26-30]. It is anticipated that this interplay between
various growth parameters can be reduced in low dimensional
structures [31]. In addition, nanostructures such as Mn-
doped Ge quantum dots (QDs) could offer unique and
salient physical properties, arising from size-related quantum
confinement effects, and affect the carrier transport, spin-
coherence lifetime, interactions between spins, and thus the
ferromagnetic properties in general [32]. More importantly,
the magnetic Mn,Ge;_, can be directly incorporated with the
current CMOS platforms, promoting immediate applicationsin
the microelectronics industry.

The first demonstration of VCFO was that in (In, Mn)As
materials, in which the T, was varied by +1 K with a voltage
of £125V, corresponding to an electric field of approximately
+1.6 MV cm™ [16]. The applicability of this phenomenon,
however, is limited because of the low Tt of (In, Mn)As [33].
On the other hand, Mn-doped Ge DMS was reported to
possess a much higher 7T,s. For example, in MngosGep.os
single-crystalline thin films [34], T, ~ 285 K. In other
experimental studies, the magnetic properties of Mn,Ge;_,
nanostructures were carried out by the ion implantation of
Mn [35]. The signature of the influence of the injected carriers
on the ferromagnetic properties of Mn,Ge;_, nanostructures
was observed by applying gate biases in MOS capacitors
a a low temperature of 10 K. However, the existence
of metallic precipitates such as MnsGe; and Mn;1Geg in
these nanostructures, was expected to partly jeopardize the
voltage-controlled hole-mediated exchange coupling. In
this paper, we continue our previous work [35, 36], and
demonstrate by structural and magnetic characterizations the
successful fabrication of the single-crystalline DMS QDs
without signatures of the MnsGe; or Mn;1Geg precipitates.
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Figure 2. The structural properties of Mng 0sGep.05 QDS grown on a p-type Si substrate. (A) A high-resolution TEM (HR TEM) cross-section
image of a Mng 0sGep g5 QD. Mn diffusesinto the Si substrate, which is shown directly underneath the Mng 0sGep o5 QD. (B) The EELS
composition mapping of Mn distribution. (C) The corresponding SAED pattern of Mng 0sGey.95 QD, revealing a single-crystalline structure.
(D) An EDS composition spectrum showing that both Mn and Ge are present in Mng 0sGep g5 QD. (E) An enlarged HR TEM image to show

the detailed lattice structure of Mng gsGeg g5 QD.

We investigate the 7, of the material by a superconducting
guantum interference device (SQUID) magnetometer, and find
that 7;, in principle, could be as high as 400 K. These
high T;s can be attributed to the quantum confinement of the
carriers in the QD geometry, as confirmed by the numerical
studies also presented in the paper. Further, we investigate the
influence of the gate bias on the ferromagnetic properties of
the Mng0sGep.os DMS QDs up to 100 K. The measurements
at higher temperatures (closer to the T¢) have not been realized
yet dueto leakage current limitations. Nevertheless, even awvay
from thetransition, we were ableto see theinfluence of the gate
bias on the magnetic properties. The main aim of the present
work isto provide atheoretical understanding of the high Curie
temperature nature of these quantum dots, which also explains
the gate modul ated ferromagnetism.

2. Resultsand discussion

2.1. Fabrication

MnGe QDs were produced on p-type Si substrates by a solid-
source MBE system. The Mn and Ge sources were provided by
traditional effusion cells. The self-assembled MnGe QDs were
grown at 450°C with a Ge growth rate of 0.2 A s similar
to the growth of pure Ge QDs on Si under atypical Stranski—
Krastanov (SK) mode. The MOS capacitors were fabricated by
depositing 40 nm thick Al,O3 on top of the Mng gsGep.gs QD
layer at 250°C via an atomic layer deposition technique. The
front and back sides were metallized with 200 nm thick Au as

the contact electrodes. The MOS capacitors were loaded into
the SQUID magnetometer for bias-dependent magnetization
measurements at different temperatures. We have noted that
the quality of the dielectric layer isvery critical to minimizethe
leakage current. A thick Al,O3 of 40 nm ensures a relatively
small leakage current below 106 A cm=2.

2.2. Structural properties of Mng osGeg.gs QDs

Cross-section TEM was carried out to determine the structural
characteristics and the Mn composition of the Mng g5Gep g5
QDs. It reveals a dome-shape dot on top of the Si substrate
with a Mn diffusion area underneath as shown in figure 2(A).
The dots have a typica base diameter of about 30 nm and
a height of about 8 nm. Electron energy loss spectroscopy
(EELS) shows that Mn dopants distribute uniformly inside the
dots (figure 2(B)). A selected area electron diffraction pattern
(SAED) reveals a single-crystalline system (figure 2(C)). The
interface between the dot and the Si substrate shows excellent
| attice coherence without pronounced dislocations or stacking
faults (figure 2(E)). Energy dispersive x-ray spectroscopy
(EDS) confirms further the presence of Mn and Ge inside the
dots. Based on an extensive composition analysis over many
QDs, the percentage of Mn was determined to be about 5% and
no metallic phases, such asMnsGes and Mn;;Geg, were found.
However, dueto the extensive Mn doping, the formation of Mn
clusters which are beyond the detection limit of conventional
TEM cannot be completely excluded.
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Figure 3. Magnetic properties of the Mng gsGep g5 QDS grown on a p-type Si substrate. (A) Hysteresis loops measured at different
temperatures from 5 to 400 K. The observation of a hysteresisloop at 400 K indicates a strong ferromagnetism above room temperature.
(B) Zero field cooled and field cooled magnetizations of QDs with amagnetic field of 100 Oe; the inset shows the coercivity values at

different temperatures.

Figure4. AFM and MFM images of the Mng 0sGey g5 QDS measured at 320 K. (A) Typical AFM image of Mng osGep g5 QDS.
(B) Corresponding MFM image. MnsGe; and Mny; Geg can be excluded because of their low Curie temperatures of 296-300 K.

2.3. Magnetic properties of Mno osGeg.gs QDs

The magnetic properties were carried out using a SQUID
system. Figure 3(A) shows temperature-dependent hysteresis
loops when the externa magnetic field is paralel to the
sample surface (in-plane). The field-dependent magnetization
indicates a strong ferromagnetism above 400 K. The saturation
magnetic moment per Mn atom is estimated to be 1.8 ug
a 5 K. A fraction of roughly 60% of Mn is estimated
to be activated assuming that each Mn has a moment of
3 up [18, 37-39]. Zero field cooled (ZFC) and field cooled
(FC) magnetizations were measured with a magnetic field of
100 Oe as shown in figure 3(B). The magnetic moments do not
drop to zero, suggesting a high 7, beyond 400 K. From these
two curves, one can also infer the formation of a single phase
in this material system, i.e,, DMS QDs, which is surprisingly
similar to the high 7. DM S Mng 0sGey.95 nanowires [40]. The
wide separation of the ZFC and FC curves in the temperature
range of 5400 K shows the irreversibility of susceptibilities,
possibly arising from strain-induced anisotropy since a large
lattice mismatch exists between S and Ge [41]. The
temperature-dependent coercivity is shown in figure 3(B)

inset. Similar to the Mn,Ge;_, nanowires [42], the coercivity
decreases from 170 Oe (at 5 K) to 73 Oe (at 400 K). The
small coercivity in the entire temperature range measured
features a soft ferromagnetism which originates from Mn ions
diluted in the Ge matrix [43]. The above magnetic properties
support the fact that the Mng gsGey 95 QDS exhibit a DM S-type
ferromagnetic order.

Atomic force microscopy (AFM) and magnetic force
microscopy (MFM) measurements were carried out to
investigate the morphology and ferromagnetism of the
Mng 05Gep g5 QDs at 320 K, respectively. The average dot size
is about 50 nm in base diameter and 6 nm in height. The dot
density isabout 6 x 10° cm~2 (figure 4(A)). The corresponding
MFM image was taken by lifting up the MFM probe 25 nm
above the topographic height of the samplein a phase detection
mode (figure 4(B)). The appearance of bright-and-dark areas
in the MFM image clearly shows the formation of magnetic
domains in the MnggsGepgs QDs, which is similar to (In,
Mn)AsDMS QDs[44]. Since the experimentswere performed
at 320 K, the formation of metallic phases such as MnsGe; and
Mn1;,Geg can be easily ruled out because they have a low Tt
of 296-300 K [29]. Overall, the above MFM results agree well
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Figure 5. The manipulation of ferromagnetism of MnGe QDs by applying electrical fields. (A) Hysteresis |oops with zero and negative bias
of —20 and —40V on the gate. (B) The hysteresisloops with zero and positive bias of +10, 420, and +40V. (C) A representation of remnant
moments with respect to the gate bias. Inset is the enlarged figure for the central part of (B) to clearly show the change of remnant moment. It
isfound that the remnant moments can be manipulated by applying bias on the MOS gate. The saturation moments can be also manipulated

by the gate bias.

with the TEM observations and the ferromagnetic order at high
temperatures obtained in the SQUID measurements.

2.4. Voltage-controlled ferromagnetic ordering

Figures 5(A) and (B) show the hysteresis loops by SQUID
with negative and positive biases on the MOS gate at 50 K,
respectively. Under a negative bias, the holes are attracted into
the channel of the device (accumulation). In this circumstance,
however, the hysteresis loop does not show a remarkable
change (figure 5(A)). This could be explained by the fact
that even at 0 V, the QD device is already accumulated with
enough holes to induce ferromagnetism. In other words, the
hole-mediated effect is sufficient to aign a majority of the
activated Mn ions along one direction in each individual QD.
Further increasing the negative bias does not change the hole
concentrations much.

On the contrary, with the positive bias, a large amount
of holes are depleted into the p-type S so that the hole-
mediated effect is notably reduced. As a result, the Mn ions
start to misalign because of the lack of holes. The saturation
moment per Mn ion decreases more than ten times as the gate
bias increases from 0 to +40 V (figure 5(B)). It should be
noted that, at +40 V, the saturation and remnant moments
of the MngosGep.os QDs become fairly weak, resembling a
‘paramagnetic-like’ state. Figure 5(C) summarizes the change
of remnant moments as a function of gate voltage. The
inset in figure 5(C) displays an enlarged picture to clearly
show the change of remnant moments with respect to the gate
bias. The above results evidently demonstrate that the hole-
mediated effect does exist in thismaterial system, whichisalso
supported by our previous experiments [35].

The desired high concentration of electrons on the surface,
needed to deplete the DMS, islimited in our case solely by the
leakage current. Thisis, in fact, the reason why we studied the
voltage effect well below the ferromagnetic transition, which
is expected to be somewhere around ~400 K, as implied by
our SQIUD measurements (see section 2.3). By increasing
the measurement temperature to 100 K (not shown here),
the modulation of the ferromagnetism turned out to be less
pronounced compared to that at 50 K, which we believe is due
to the increased |eakage current in our MOS devices.

2.5. Role of the quantum confinement: numerical results

The fact that Curie temperatures in nanostructures [42, 44, 45]
aretypically higher than in the bulk materials can be attributed
to the effects of quantum confinement [46]. To demonstrate
this in our case of MnGe QDs, we performed first-principle
calculations comparing the electronic structure of the bulk
Mno.06G€.04 and small MnGe QDs (diameter ~ 9 A).

The bulk MngosGepgs System was simulated within
local spin-density approximation (LSDA) to density functional
theory using the periodic boundary condition. The kinetic
energy cutoff used for the wavefunctions was 280 eV. The
simulated supercell contained 16 atoms at the experimental Ge
lattice constant (¢ = 5.6 A) with the central atom replaced by
Mn (corresponding to the case of a substitutional impurity, see
figure 6(B)). The other extreme of Mn;GeygHgzs (diameter ~
9 A) QD was also simulated within LSDA to density functional
theory using the confined boundary condition (i.e. real-space
wavefunctions going to zero outside a sphere enclosing the
quantum dot). The structure of the QD was constructed by
taking aspherical fragment of the corresponding bulk diamond
structure of Ge with the surface passivated by hydrogen atoms
and the central atom replaced by Mn (figure 7(B)). The surface
was passivated to get rid of the surface states (introduced
by dangling bonds at the surface) in the band gap [46].
The radius of the sphere enclosing this dot (outside which
wavefunctions go to zero) and the grid spacing were varied
until the corresponding eigenvalues converged. These values
were 10 and 0.15 A for the radius of the enclosi ng sphere and
grid spacing respectively.

The calculated total and d-like impurity density of states
(DOS) for bulk shows d-like impurity states lying well
below the Fermi-level (indicated by dashed vertical line in
figure 6(A)). This location of impurity states in turn implies
that the carriers (holes at the Fermi-level) have more p-like
character of the host Ge because of less mixing (hybridization)
with the d-like Mn impurity states. The expected effect of
gquantum confinement on the DOS is to move these impurity
states towards the Fermi-level (as indicated by arrows in
figure 6(A)) [46, 47] and hence increase the hybridization
between the carriers (holes at the Fermi-level) and impurity
states.  This increase in hybridization between carriers
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Figure6. (A) Thetotal density of states (solid curve) and the DOS of the impurity levels (dashed curve) in bulk Mng 06Gep o4 @s found using
the CASTEP [48] are given. As one goes to nanometer sizes, the density of state of the localized d-like impurities and the itinerant p-like
carriers are expected (see next figure) to move toward each other on the energy scale, asindicated by the black arrows. (B) Simulated
supercell structure.
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Figure 7. The demonstration of the effect of quantum confinement on the carrier localization (using PARSEC [49]). (A) DOS of GexsMn;Hzs
(diameter ~ 9 A), the p-like holes are trapped on the impurity d-like states and are detached from the host valence band. (B) The yellow
surface represents the typical isosurface of the hole wavefunction squared showing the localized character of the holes around the only
impurity in the cluster (central blue atom).

and impurity states would in turn lead to an increase in 3. Conclusions
Curie temperature, T, within the free-carrier mediated picture
of the FO initially [46]. On the other hand 7. cannot
increase monotonically with decreasing size as the increase
in hybridization should aso reduce the moving ability of the
carriers making them more localized, thus, in turn, leading
to the reduction of the effective exchange coupling between

the neighboring magnetic dopants. Our numerical results for e redization of this phenomenon. ~ We presented our
the limit of very smal QD (diameter ~ 9 A) confirm this recent experimental achievements on the voltage control of

increase in hybridization and the corresponding increase in the  the ferromagnetic properties of single-crystalline Mno osGeo o5
localization of the carriers. Figure 7(A) shows that the holes ~ Self-assembled QDs, grown on an Si substrate by the
and the impurity states both overlap and are detached from MBE. Using superconducting a quantum interference device
the Ge valence bands lying at the Fermi-level, thus assuming Magnetometer we found that 7c can in principle be as
strong hybridization and the absence of hole mobility. Thisis high as 400 K. We were able to investigate the influence
further confirmed by the analysis of the spatial form of thehole  of the gate bias on the ferromagnetic properties of the
wavefunctions near the Fermi-level (figure 7(A)). MngosGepgs DMS QDs at temperatures up to 100 K—the

The above picture implies that there must be a region of  limitation imposed by the thermo-activated |eakage current.
intermediate sizes (and possibly shapes), where the T should In combination with the numerical studies of DOS in this
peak. DMS, our experiments suggest that efficient voltage-controlled

In summary, we discussed the technological importance
of the possibility to control ferromagnetic state by low-
dissipation bias voltages, and the important role of dilute
magnetic semiconductors as the most likely candidates for
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ferromagnetic ordering at room temperature can be realized in
this material.
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