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3. Scientific Progress and Accomplishments

This research project pursued theoretical understanding and exploration of the unique characteristics
of topological insulator based structures for potential device applications via the strong correlation with
magnetic materials. Highlights include new device concepts for high sensitivity THz/far infrared
detection, energy efficient magnetic switching/persistent oscillations, and multifunctional charge/spin
current modulation. The investigation established not only the basic design and the operating principles
but also the comprehensive performance estimate at the device level as well as at a simple circuit level,
elucidating the potential advantages of the proposed concepts over the conventional counterparts. A brief
description of the highlights is given below.

A. High Sensitivity Detection of Long Wave Length Photons

We explored the symmetry-breaking band modification in a topological insulator (TI) structure for the
possibility of long-wavelength photo-detection at room temperature. More specifically, we utilized a TI
in the thin-film form to induce strong coupling between the two surface states (i.e., top and bottom) that is
in addition to the interaction with a proximate magnetic layer (see Fig. 1; right panel). The interplay of
these two effects offers a wide parameter space in tailoring the absorption characteristics with an effective
control. Further, separation of the optically active surface (i.e., top) from the interface for magnetic
interactions (i.e., bottom) enables efficient coupling to the incoming radiation without unnecessary
hindrance. Numerical calculations illustrated the unique patterns in the distribution of optically excited
carriers that depend sensitively on the frequency of the incoming light (Fig. 1; left panel). At low
temperatures (e.g., 4 K), electron transition to the states below the Fermi level is suppressed as they are
occupied. Correspondingly, the generation rate below the equipotential line of 0.1 eV (i.e., Fermi level) is
nearly zero and the excitation patterns are generally tight with little/no thermal broadening [Figs. 1(a,c,e)].
At elevated temperatures, the pictures deviate from the ideal description due to the thermal broadening
[Figs. 1(b,d,f)]. Nevertheless, the asymmetric excitation pattern between +ky and —kx remains. This effect
results in the generation of strong nonzero photocurrent, leading potentially to room-temperature
detection of far-infrared/THz radiation with the advantage of low noise and fast response. A subsequent
analysis revealed that the photon energy as low as a few meV (i.e., in the THz frequencies) is indeed
accessible by the proposed photogalvanic effect in the thin-film TI structure. The ease of frequency
tuning by an external electrical bias offers an added versatility in the realistic implementation.
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B. Low-Power Magnetic Switching

(a) Electrically controlled all-spin based logic platform:

We explored a low-power all-spin logic platform whose functionality is inspired by the unique
properties of the TIs. Figure 2(a) illustrates the basic building component of the system. As shown, each
cell (or device) is envisioned with a FM-T]1 stack placed on top of the graphene channel. In addition, top
and bottom gate electrodes (which are separated from the active region by a thin dielectric, respectively)
are added for the control clocks. The interface between the FM and the Tl is used to locally control the
magnet, while that between the FM and the graphene channel supports the means of interconnect. More
specifically, the information is encoded in the magnetization orientation of the magnet (FM), which is
then transferred to the electron spin polarization in the graphene layer for dissemination. A functional
combination of these two interfaces with the information-carrying FM in the middle enables to meet the
two major requirements of logic device design: (i) manipulation of the desired information state variable
and (ii) robust propagation of information.

In the operation of a specific cell (i.e., single-cell operation), a scheme based on Bennett clocking was
developed by taking advantage of the strong correlation between the Tl and the FM. Our earlier
investigation theoretically demonstrated that a 90° rotation of magnetization between the in-plane and the
out-of-plane orientations can be induced by simply controlling the Fermi level of the TI surface states (i.e.,
the top gate bias). As graphically shown in Fig. 2(b), the key is the reliable signal torque that determines
the final state once the 90° rotation puts the magnetization to the metastable out-of-plane direction (the
Null state). The signal pulse is applied in concert with the withdrawal of the top gate bias in the Bennet
clocking method to minimize the required strength (the Active state). Following a detailed analysis and
design, this crucial step was achieved with high fidelity, leading to the deterministic 180° switching (thus,
the encoding of logic “1” and “0”). Figure 2(c) provides a numerical demonstration of two successive
180° switching operations.

For the logic function, it is critical to go beyond the single-cell operation where robust propagation of
information from the upstream cells to the downstream cells is essential as mentioned above. For an
efficient spin logic implementation, the preferred scheme is that the information is transferred in the form
of electron spin polarization to avoid the intrinsically inefficient conversion to the electric current. One
constraint, however, is the limited distance for reliable signals. Even though graphene enjoys weak spin
relaxation and is an ideal choice for the spin channel or interconnect, its characteristic relaxation length is
nevertheless finite. As such, transmission of the information is often accomplished in a cascade, where the
state propagates cell by cell along the path. Thus, the issue of information transfer is essentially the
interaction between the adjacent cells. Our investigation devised two approaches that can realize the
crucial duplication (COPY) and inversion (NOT) operations of the upstream spin state in each of the
cascading stages with a relatively simple control and layout arrangement. The first approach relies on the
spin polarized current through the graphene channel, while the other takes advantage of the exchange
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coupling between two magnets mediated by graphene electrons without involving the current flow.

In the approach based on the spin polarized current, the back gate bias is used to tune the spin
dependent barrier in the graphene channel that is induced by the surface exchange interaction with the
proximate magnet, selectively depleting the carriers of a specific spin state. Hence, the electrical bias
determines the spin state of the transmitted signal in the interconnect [Fig. 3(a)]. The feasibility of this
back gate function was examined by applying the Landauer-Buttiker formulism for carrier transport [Fig.
3(c)]. By taking advantage of large quantization energies in the narrow channels, the result demonstrated
that the interconnect current can be made nearly 100% spin polarized even at room temperature — either
parallel or antiparallel to that of the cell in the upstream. Accordingly, both functions COPY and NOT
can be performed reliably with a sufficiently large bias window as required in the information transfer
between two cells. The problem of possible back-propagation could be dealt with by a cascade structure
with separately asymmetric read/write channels [Fig. 3(b)]. The energy consumption for each COPY or
NOT operation was estimated to be of the order of femto-joules that is dominated by the Joule heating
from the signal current.

A second, currentless mechanism of spin information transfer was also investigated by utilizing the
exchange interaction mediated by the carriers in the graphene channel (Fig. 4). This mechanism is
essentially analogous to the spin diffusion process albeit with an additional control. For instance, spin
polarized electrons induced by the upstream cell (#1) diffuses to the target cell (#2) with the help of back
gate biases [see “U” in Fig 4(a)]. The parallel/anti-parallel alignment can be determined by adjusting the
length of the control magnet in the middle [Fig. 4(b)]. Our calculation clearly indicated that the carrier
mediated mechanism can indeed induce a sufficiently large effective magnetic field at the target cell (over
1000 oe) leading to reliable magnetization switches. Furthermore, the estimate for energy consumption
per single switching operation yielded a value as low as a few atto-joules, approximately two orders of
magnitude smaller than the approach relying on the spin polarized current. The proposed currentless
scheme may prove to be a ground-breaking alternative to the present state of the art. However, it still
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requires a more comprehensive analysis to fully verify the feasibility under realistic device/circuit layout
conditions.

Once the elemental cell and the cell-to-cell COPY and NOT operations are established, the rest of the
Boolean logic can be built on the spin logic platform with majority gates. As an example of the logic
circuit implementation, the one-bit full adder was designed by utilizing the operating scheme based on the
spin polarized current (see Fig. 3). A fully coupled device-circuit simulation method was developed to
test the performance. The calculation results clearly illustrated the successful adder operation accurately
following the desired truth table/Boolean logic, with the estimated energy consumption of approx. 15 fJ
while maintaining the error rate below 10 for each switching operation. This energy requirement can be
reduced significantly, perhaps as low as tens of atto-joules when the currentless approach is fully
developed. The proposed spin logic platform based on the nanomagnet-Dirac fermion system appears
very promising at least on paper.

(b) Nonlinear magnetization dynamics via a surface electrical current:

When an electrical current flows in the TI surface region interfaced with a magnetic material, the
resulting natural spin polarization modulates the magnetization by tilting it toward the direction of the
effective field as discussed above [sub-section (a)]. However, this is not the full story and the converse
possibility must also be considered as the interaction is mutually dependent; namely, the reoriented
magnetization self-consistently affects the TI surface current (both the intensity and spin polarization)
through the electronic band modification. The resulting effective magnetic field and the associated
magnetization dynamics are highly nonlinear, whereas the studies in the literature had examined only one
aspect of the phenomenon (i.e., the linear regime). By developing a self-consistent theoretical treatment,
we comprehensively analyzed the system response to an applied DC voltage (x direction). To obtain an
accurate solution for the coupled system, it was assumed initially that the driving current (namely, Jx) can
be described by coherent tunneling through the effective barrier on the TI surface which is formed by the
magnet-induced band modification. The resulting magnetic response was mapped on the voltage-
damping parameter space (Fig. 5). This diagram illustrates five distinct operation regimes, three (ii-iv) of
which were previously unidentified; i.e., (i) slight deviation in the magnetization direction to align with
the shifted stable position in a weak effective field; (ii) magnetization reversal (of 180°); (iii) several flip-
flops followed by relaxation to a random final state; (iv) auto-oscillations (AO) between the +x and —x
alignments; and (v) magnetization alignment along the y direction (i.e., the direction of the effective
exchange field). All of these dynamical responses were accompanied by the strong anomalous Hall effect
that enables electrical detection of the magnetic state as well. Time reversal symmetry imposes
immutability under simultaneous reversal of initial magnetization and applied bias polarization. In the
case when only one of these two factors reverses, the magnetization response maintained a similar
bifurcation behavior but with different the threshold conditions (i.e., the phase boundaries), as shown by
the red dashed lines in the figure.

Following the initial analysis based on the coherent tunneling model, the investigation was extended
to more realistic conditions. In the non-coherent cases, on the other hand, a fully self-consistent treatment
110

Figure 5: Self-consistent bifurcation behavior of
magnetization dynamics induced by the TI surface current
under coherent transport conditions. The insert shows the
schematic structure that comprises a dielectric FM placed
on top of a TI. Five dynamical phases are identified as a
function of the driving voltage and the damping parameter
strength. The red dashed lines illustrate a similar diagram
- when the input current/voltage is reversed (or the choice
(i) Deviation of My < 0 instead of My > 0 as the initial state). Coherent
tunneling transport is assumed in the region of the TI
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Figure 6: Magnetization dynamics mapped on the
electrical bias (V)-Gilbert damping constant ()
parameter space. The diffusive transport is assumed for
the TI surface electrons. The solid lines separate the
different dynamical regimes, while the dashed lines in
the flip-flop region indicate the smeared nature of the
boundaries between the two final states (+x or —x) after
_ the precession. The background color provides the
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is not possible at the moment due to a number of unknowns. As a result, an empirical approach was
adopted based on the experimental and theoretical findings available in the literature concerning the
anomalous Hall current, which turned out to be very crucial for the nonlinear magnetization dynamics.
Figure 6 summarizes the obtained simulation results when the diffusive transport was assumed in the
interface region. A key finding is that an entire range of the responses, such as reversal and auto-
oscillations (with the frequencies in the GHz), are possible, even for diffusive cases, by simply adjusting
the material and excitation conditions. One unexpected behavior is the possibility to anti-align the
magnetization with respect to the effective field of the driving current. In other words, the magnetization
may end up with the -y orientation even though the driving current induces a field along the +y axis via
spin-momentum interlock. This scenario happens when the anomalous Hall effect becomes very
pronounced and the resulting anti-damping effect dominates over the Gilbert damping term, which may
turn out to be an artificial case. We have also examined the ballistic but incoherent case. The analysis
revealed that the magnetization dynamics remain very similar to the diffusive case; except that the
required voltages are now smaller due to the negligible resistance (thus, potential drop) in the channel.
Compared with the previously discussed coherent transport (Fig. 5), the overall picture is again very
consistent.  Our investigation clearly indicated that the desired magnetic behaviors such as reversal and
persistent oscillation can be achieved under broad regimes of TI surface electron transport with a simple
DC electrical control. With a minimal energy requirement as low as tens of atto-joules, the proposed
mechanism offers an efficient alternative to the spin transfer torque or spin-Hall based approaches for
potential magnetic memory/logic. Note that this estimate did not consider the effect of thermal
fluctuations in contrast to those cited in sub-section (a). The impact of the thermal noise on the nonlinear
dynamical responses still remains an open question.

C. Multifunctional Current Modulation

(a) Quasi-optical transport of Dirac electrons:

We exploited the possibility of electron wave guiding on the surface of a Tl in combination with a
patterned layer of magnetic material. The electronic band modification induced by the symmetry-
breaking exchange interaction at the TI-magnet interface can define the path of electron propagation in
analogy to the optical fiber for photons (as the band mismatch amounts to an effective barrier). Numerical
simulations based on the finite difference time domain (FDTD) method illustrated the guiding efficiency
much higher than that in the waveguide formed by an electrostatic potential barrier such as p-n junctions.
Further, the results indicated effective flux control and beam steering that can be realized by altering the
magnetization/spin texture of the magnetic materials. These enable two key extensions of the concept
whose functions are essential for active modulation of electron propagation. The first investigated
structure was a waveguide defined by a ferromagnetic strip (FM), a segment of which can switch its
magnetization direction [See Fig. 7(a)]. One can imagine that a 90° rotation in the control magnet either
in the plane or out of the plane (thus, creating a misalignment with the channel) could block electron
transmission through the region. The electron flow is restored once the "valve" is aligned with the main
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channel. Similarly, steering the electron beam into different directions can also be envisioned. For the
latter, Fig. 7(b) shows a structure, where the main waveguide is connected with a second branch along the
y direction through a triangular shape control region. By aligning the valve with either of the channels,
the electrons may be made propagating along the main waveguide or diverted into the branch after
rounding a 90° corner. A subsequent simulation based on the FDTD method demonstrated that both
functions are indeed distinct possibilities as desired. Particularly appealing is the low leakage in the flux
control. On other hand, it is somewhat larger for electron beam steering as a small portion continues its
passage in the main waveguide instead of turning the corner. An additional barrier may be needed to
further curtail the leakage.

This concept of electron wave guiding on the surface of a Tl (with a patterned magnetic layer) was
further examined to develop detailed understanding for potential device applications. In particular, the
guasi-optical dynamics was examined analytically in terms of incident energy and angle, which was
followed by the FDTD simulations for numerical verification (Fig. 8). A couple of features were apparent.
First, the transmission is asymmetric around kx=0 [i.e., the dependence on the electron incident direction;
see Figs. 8(c,e,g) vs. Figs. 8(d,f,h)]. Second, a critical angle can be defined for each injection based on the
injection energy (E) and the size of the effective barrier induced by the magnetic interaction (Go), below
which no transmission is allowed. This criterion clearly explains why the case of E < %Gy shows no
transmission [Figs. 8(a,b)], while the range extends to the negative angle (i.e., the incidence from the left)

@  E=26G () E=Go (@ E=326, @ E=26

(I I SR A R R
S

Figure 8: FDTD simulations of a Gaussian wavepacket incident to the magnetically induced junction (a,c,e,g)
from the left and (b,d,f,h) from the right with various electron energies and angles. The block arrow (red)
denotes the orientation of the magnetization along the +y direction. The junction is located at y=0.
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once E > G [see, for example, Fig. 8(g)]. When the magnetization at the junction switches to the —y
direction (i.e., downward), the characteristic features are maintained except the = phase difference. An
interesting consequence of this directional transmission is the generation of an anomalous Hall current.
Even when the electrons are injected toward the boundary (at y=0) with a balanced distribution in the +ky
and -kyspace, the leftward moving electrons (i.e., kx < 0) experience preferred transmission as discussed
above [see Figs. 8(c,e,g) vs. Figs. 8(d,f,h)]. This also means an equal amount of the x-directional flux in
the reflected electrons since the conservation rule must be satisfied at the junction. Hence, the applied
bias or y-field induces an electron flow along the transverse x-axis at the junction boundary. Accessible
by the standard Hall measurements, it offers a straightforward means to experimentally validate the
predicted quasi-optical phenomenon on the T1 surface.

(b) Magnetoelectric transistors with steep subthreshold slope:

Building on the possibility of electron wave guiding discussed above, we proposed and explored a
transistor-like application mimicking the FET operation (i.e., gate controlled channel flux control). The
device consists of a magnetically patterned channel and a magneto-electric (ME) valve (or gate) unit [Fig.
9(a)]. The ME unit is designed such that the magnetization rotates between the y and z directions
according to the applied gate bias [See Fig. 7(a) as well]. Along the guided channel, the exchange
potential induced by my = —1 (as shown) causes the band structure mismatch across the boundaries and
confines electrons within the channel [Fig. 9(b); top panel]. When the valve is magnetized along the y
direction (i.e., collinear to that of the channel region), the electrons injected from the source propagate
freely to the drain, composing the ON state. On the other hand, the electron flow is severely restricted by
formation of the barrier once the valve magnetization is switched 90° to the OFF position [Fig. 9(b);
bottom panel]; see Fig. 9(c) for the corresponding conductance variation mapped on the magnetization
space. The time resolved switching behavior was investigated by coupling the magnetization dynamics
simulations with electron transport modeling. For initial demonstration of the concept, the 90° rotation of
the magnetization was treated by considering the effective magnetic anisotropy of the TI/magnet structure
controlled by the Fermi level [see also the discussion in sub-section B(a) for this mechanism between the
in-plane and cross-plane orientations]. From the result [Fig. 9(d)], distinctive switching behaviors with a
sizable ON/OFF current ratio can be clearly identified following the gate voltage variation.

Subsequently, the investigation was extended to a detailed analysis of the device performance including
elementary logic functions. The intended advantage is that the applied gate bias modulates not only the
electrostatic potential in the channel but also the TI surface state band structure itself, leading to a more
drastic response in the drain current than that of conventional FETs. The calculation based on the non-
equilibrium Green’s function method and the LLG magnetization simulation indeed illustrated the Ip-Ve
curve with the desired sharp ON/OFF characteristics [Fig. 10(a)]. The switching behaviors were identified
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Figure 9: (a) Proposed TI based magneto-electric transistor. The gate region extended beyond the ME unit is
optional. (b) Band structure mismatch across the magnetic boundary. The exchange potential shifts the bands in
the k-space (guiding) or opens a gap (blocking). Transmission only happens where the band structures across the
boundary overlap (i.e., the colored region). (c) Channel conductance mapped on the my-my plane of the valve
magnet (60x60x2 nm?). The TI chemical potential is assumed to be at 0.05 eV. (d) Time resolved switching by a
gate bias pulse for a typical transistor ON/OFF operation. The data is averaged over 100 stochastic simulations.
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Figure 10: (a) Drain/channel current calculated as a function of the gate bias in the FET-like device. The
corresponding change in the magnetization of the magnetic gate dielectric is also provided (top panel). The red
dashed-dotted curve indicates the result when only the electrostatic control of the gate bias is considered. (b) A
complementary inverter with one normally ON p-type and one normally OFF n-type devices. The purple blocks
represent the switching magnets. (¢) Simulated transient behavior of the inverter. From top to bottom, the panels
show the input signal, output signal, n-device magnetization, p-device magnetization, and channel current,
respectively. All figures are drawn with a channel supply voltage of 0.01 V.

on both the positive and negative sides (i.e., p-FET and n-FET) with the equivalent subthreshold slope as
steep as 15 mV/decade. In comparison, the channel ON/OFF performance is much more gradual under
the conventional gate control (see the red curve). The investigation also revealed that both the normally
ON and normally OFF operations can be attained by proper adjustment of the doping density in the TI.
Based on these results, the device and circuit possibilities were further examined. Shown in Fig. 10(b) is
a proposed logic inverter constructed with one normally ON p-device and one normally OFF n-device.
The simulated transient inverter performance [top two panels in Fig. 10(c)] clearly indicated that the
output produces the desired signal in reference to the input. While the proposed device may have a
limited ON/OFF ratio of around 100, the steep subthreshold slope offers a unique advantage for low
power applications. Further optimization of the performance is expected by adopting a multiferroic
heterostructure with a strong magnetoelectric effect in place of an ordinary magnetic insulator as the gate
dielectric.





