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We theoretically propose a thermoelectric spin-current generator consisting of a zigzag germanene
nanoribbon with thermal leads that are partially exposed to noncollinear exchange fields. Our results reveal
that the exchange field in various regions and directions changes the helical edge states to different
characteristics, and hence the pure spin current, the 100% spin-polarized current, and the pure charge
current can be generated only under the temperature difference A7'. The intertransformation between these
three types of currents can be realized by tuning the relative angle of local exchange fields to @ = 0, 0.5z, or
x. It is worth noting that the pure spin current cannot be obtained without the temperature difference. We
also find that the giant magnetoresistance can reach extremely large values in the bulk gap region by
adjusting the exchange field of both leads to the x direction. All of the results indicate that the proposed
germanene nanosystem is a promising candidate for spin caloritronic devices.
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I. INTRODUCTION

Spintronics aims at exploiting the spin degrees of free-
dom to develop alternative generations of information
storage and logic devices. Compared to charge-based
conventional semiconductor devices, spintronic devices
have many advantages, including increased integration
densities and data processing and decreased electric power
consumption [1]. The critical challenge of spintronics lies
in how to generate, manipulate, and detect spin current.
Alternative technologies have been adopted to manipulate
the spin of an electron by, for instance, using magnetic
materials and magnetic, electric, and optical fields [2].

With an increasing integration scale, heat dissipation
becomes one of the major problems in high-density
electronic devices and circuits. Conversion of waste heat
into electricity is an essential topic for current and future
technologies, including spintronics [3]. In view of potential
applications in spintronic devices [4], there is currently
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great interest in the invigorated field of spin caloritronics,
which focuses on the interplay of spin and heat currents [5].
Recently, Uchida et al. [6] and Slachter et al. [7] observed
the spin Seebeck effect and the spin-dependent Seebeck
effect, respectively, experimentally. These alternative
thermoelectric phenomena offer an approach for control-
ling electron spin by utilizing the temperature, and they can
be applied directly to thermoelectric spin generators [8].
Thermoelectric spin transport due to the spin Seebeck effect
[9-16] and the spin-dependent Seebeck effect [17-24] has
been widely studied in recent times.

Since the discovery of graphene, two-dimensional
monolayer structures have attracted much interest in
nanoscience and condensed-matter physics [25,26]. In
the past few years, as an atomically thin layer of silicon
(germanium), silicene [27-30] and germanene [31-34]
have been synthesized on different substrate materials.
Compared to graphene, silicene and germanene have more
pronounced properties, such as the quantum spin Hall
effect due to the spin-orbit interaction in the heavier atoms
[35,36] and the buckled configurations from strong sp?
bonding [37,38]. Because germanene has a larger band gap
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FIG. 1. Schematic of a germanene nanoribbon with partial
noncollinear exchange fields. Orientations of the exchange field
are indicated by the arrow, and 6 is the angle between the
exchange fields of the left and right leads. The temperatures of the
leads are held at T; =T + AT/2 and T, =T — AT/2.

than silicene, the spin-related helical edge states of
germanene are attractive candidates for high-temperature
spintronic applications.

In this paper, we propose a thermal spin generator
consisting of a germanene nanoribbon attached to two
thermal leads that are subjected to local noncollinear
exchange fields. As shown in Fig. 1, we apply the exchange
fields to the upper half of the left germanene lead and the
lower half of the right lead since the entire sample might not
always be accessible due to the existence of a substrate, a
gate, etc. In the following discussion, we focus on how the
spin polarization of the current in the leads can reach either
o0, 100%, or 0, and how the giant magnetoresistance
(GMR) can reach extremely large values just by adjusting
the relative direction of the exchange fields.

II. MODEL AND METHODS

A generic buckled honeycomb germanene system can be
described by the four-band tight-binding Hamiltonian
H=H:+ H; + Hp [39-41], where

A
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Here, Ho, H;, and Hy are the Hamiltonians of the
central, left, and right germanene regions. i or j is the index
of the discrete honeycomb lattice site, and (ij) ({ij)) run
over all the nearest-neighbor (next-nearest-neighbor) hop-
ping sites. The spin index ¢ = 41 corresponds to spin-up
(1) and spin-down ({) electrons. ¢ is the nearest-neighbor
hopping energy. The second term in H, represents the
effective spin-orbit coupling with strength A,. v;; = £1 if
the next-nearest hopping is counterclockwise (clockwise)
around a hexagon with respect to the positive z axis. g;

describes the on-site energy, and we set ¢; = 0 as the zero-
energy point. The last terms in H; and Hy represent the
exchange fields applied in the upper half (i € [1,N,/2])
and lower half (i € [N,/2+ 1,N,]) of the thermal leads
with strength M; and M. o, (0,) is the z (x) component of
the Pauli matrix. ¢¥ = [0 "0 ] where ¢ is the relative
angle between the left and right exchange fields. The
direction of the exchange field can be tuned experimentally
by applying an external field [42].

Using the Green’s-function technique, the spin-depen-
dent electric current in the a lead can be expressed in the
Landauer formula form [43,44]:

e
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where T,, = Tr[I';,G,Tz,G¢] is the electronic transmis-
sion coefficient with the linewidth function I',, =
(X, —X4.). The retarded Green’s function is G5(E) =
[G4(E)]" = [E1 = Hy — X}, — Z& ]!, in which Hy is the
Hamiltonian matrix of the central region and X, is the self-
energy of the lead a. The retarded self-energy function can
be obtained from %X, = H_,g.,H,., where H_, is the
coupling between the central region and the lead
a value. The surface Green’s function of semi-infinite
germanene lead g/, can be calculated using the transfer
matrix [45], or the Green’s-function method [46]. f,(E) =
[eE=Er)/ksTo 1)1 is the Fermi-distribution function with
Tyry = T £ AT /2. Then, the spin and charge currents of
the system are given by the formula J; = (/4 —J) and
J. = (J4 +J) [47]. The spin polarization of the current
under a thermal bias can be calculated using P =
(Jy =T/ (T +Ty).

III. RESULTS AND DISCUSSION

In our simulations, we choose the hopping energy ¢ as
the energy unit. In experiments, the reasonable hopping
energy and effective spin-orbit coupling values for germa-
nene are approximately 1.3 eV and 43 meV [35,48,49], and
we fix A, = 0.03¢ throughout this paper. Figure 1 shows an
exchange field uncovered area with N, = 9 and N, = 4. In
all calculations, the width and length of the central region
are chosen as N, = N, = 80, which is sufficiently large to
avoid the finite-size effects on helical edge states [50]. By
approaching the sample with ferromagnetic materials [51]
or by doping with ferromagnetic dopants [52,53], the
exchange field is successfully realized, and we let
M; = Mp =5 meV = 0.003¢z. The system equilibrium
temperature and temperature difference are fixed at 7' =
100 Kand AT = 10 K, respectively. It should be noted that
a larger temperature difference AT can be realized exper-
imentally in a lateral structure if more unit cells are selected
in the x direction.
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FIG. 2.

(a) Edge states of the left germanene lead, the upper half of which is exposed to the z-direction exchange field. Ly ()

corresponds to the spin-up (spin-down) lower-edge state and U, is the upper-edge state transformed spin-up (spin-down) inner-edge
state. (b) Edge states of the right germanene lead, the lower half of which is exposed to the z-direction exchange field. Ly corresponds
to the lower-edge state transformed spin-up (spin-down) inner-edge state and Uy is the spin-up (spin-down) upper-edge state.
(c) Fermi function of the thermal leads vs the Fermi energy E . Full band structures of the (d) left and (e) right germanene leads. (f) Spin-
dependent current and spin polarization as a function of the Fermi energy Er. (g) Spin and charge currents vs the system temperature

with Ep = 0.

We first fix the exchange field on the upper half of the
left lead along the z direction and consider the case of a
noncollinear exchange field acting on the lower half of the
right germanene leads, as shown in Fig. 1. For the case of
6 = 0 (parallel configuration), both the upper half of the
left germanene lead and the lower half of the right lead are
exposed to the out-of-plane z-direction exchange field. The
band structures of the edge states are shown in Figs. 2(a)
and 2(b), which correspond to the dotted rectangular shape
of the full electronic spectrum in Figs. 2(d) and 2(e).

For the sake of contrast, before discussing the details of
Figs. 2(a) and 2(b), let us remark that, without the external
field (M; = My = 0), the spin-up lower-edge state and the
spin-down upper-edge state in the energy-band diagram of
the leads are degenerate. Meanwhile, the spin-down lower-
edge state is degenerate with the spin-up upper-edge state.
The direction of motion is correlated with spin, the upper
edge supports a forward mover with spin-up and a back-
ward mover with spin-down, and conversely for the lower
edge. The curves of these edge states (not shown) are
exactly the same as L4, L in Fig. 2(a) and Uy, U, in

Fig. 2(b). When applying the z-direction exchange field to
the upper half of the left germanene lead (the lower half
of the right lead), the time-reversal symmetry is broken, and
the topological phase of the region with an external field is
transformed into the trivial phase; as a result, the helical
edge states at the upper (lower) edge are destroyed. As
illustrated in Fig. 2(a) [Fig. 2(b)], states of different edges
are nondegenerate and lead to inner states Uy and U | (L4
and L)) intersecting at the K (k,a = ‘5—‘7r) K (k,a = gn:)]
point. By contrast, one pair of states at the other edge (no
exchange field applied) remains unaffected.

Owing to electrons of different spin in the helical edge
states moving in opposite directions and the band-selective
phenomenon [54], j; # j,, and the currents are spin
polarized as shown in Fig. 2(f). It is interesting to point
out that, with a temperature difference, there are more
electrons (holes) being excited above (below) the Fermi
energy in the hotter region [see Fig. 2(c)], and an equal
number of spin-up electrons and spin-down holes could
tunnel to the right lead when Er = 0. Under this situation,
the spin-up and -down currents are equal and opposite,

024012-3



JUN ZHENG, FENG CHI, and YONG GUO

PHYS. REV. APPLIED 9, 024012 (2018)

Jy =—J,. The charge current J.=0; meanwhile,
J, still has a finite value. The spin polarization P =
(Jy =Jy)/(Jy +J;) [see the diamond symbol and the
right ordinate in Fig. 2(f)] can reach infinity, which means
that a thermal bias induces only a pure spin current without
charge current.

It should be emphasized that if there is only a voltage
bias AV, it is impossible for electrons with different spin
orientations to be transported in opposite directions. This is
the case because, after expanding the Fermi-distribution
function in Eq. (2) to the first order in temperature differ-
ence AT and voltage bias AV, the spin-resolved current
can be expressed as J, =G AV + G,S,AT, where
G, = ¢* [dE(=0f/OE)T,,(E)/h is the spin-dependent
conductance and S,= [dE(=0f/0E)(E—Ef)T.,(E)/
leT [dE(-0f/OE)T,,(E)] is the spin-dependent Seebeck
coefficient. If AT =0, the current is reduced to
Js, = G,AV,in which the conductance G,, is always greater
than zero. J, > 0 or J, < 0 for a case in which AV > 0 or
AV < 0; thus, J; and J| keep flowing in the same
direction, and one could obtain a spin-polarized current
Jg#0, J.#0) but not a pure spin current (J; # 0,
J. =0). However, a thermal bias makes it feasible to
induce a pure spin current. When only the temperature
difference exists (i.e., AT # 0 and AV = 0), it is easy to
derive that J, = G,S,AT, in which S, is an odd function of
the Fermi energy Ej. Note that S, gains opposite con-
tributions from electrons and holes and hence differs by
sign for Er > 0 and Er < 0. Therefore, only under the
temperature gradient could the flow pattern in Fig. 2(f) be
obtained.

By increasing the system temperature, more electrons
and holes can be excited and can participate in transport,
but the symmetry between electrons and holes still holds
with regard to Er = 0. Therefore, as shown in Fig. 2(g), the
pure spin current J, increases rapidly with an increase in
the system temperature 7, while J, remains zero. When
T =300 K and AT =10 K, the maximum pure spin
current can reach approximately 0.4 yA and tends to
increase with further enlargement of the temperature differ-
ence AT.

Turning the relative angle of exchange fields to
0 = 0.57, the lower-half of the right lead is then exposed
to the x-direction field. To clarify the transport properties of
the carriers, we show the band structures of the right lead in
Fig. 3(a). By applying the x-direction exchange field, the
lower-half region changes into a topologically trivial phase,
and the helical edge states located at the same edge
disappear because of the breaking of local time-reversal
symmetry and spin symmetry. Compared to the effect of the
z-direction exchange field [see Fig. 2(b)], the inner-edge
states do not emerge when the exchange field along the x
axis is applied [see Fig. 3(a)]. Figure 3(b) shows the spin-
resolved current J; and the spin polarization P as a function
of the Fermi energy Ep. Within the bulk band gap, the

I T T " ]
0.05} (@) 5 e . P
i i 0.006) \ - =
it ii :
v‘ A \ E—)
Vo T K < g
v, A ko) \
= A B Y A N,
g Ay . Q
o A v 2 \
AA v % .
A=Yy <1 \
£ Right Yy \
.," i .
I -A-UT Y ~0.006 1) N
-0.05 | i BN ~,
0.6 k a(n) 1.4 -0.02 E(t) 0.02

FIG. 3. (a) Edge states of the right germanene lead, the lower
half of which is exposed to the x-direction exchange field.
(b) Spin-dependent current and spin polarization as a function
of the Fermi energy Ey.

values of the spin polarization under the solely thermal
bias can be kept at a constant —1 [see the thin solid line in
Fig. 3(b)]. Interchanging the exchange fields of the thermal
leads, the spin polarization of electrons can reach +1
(omitted from Fig. 3 for the sake of clarity). This means that
the germanene device can efficiently filter not only spin-up
electrons but also spin-down electrons, over a broad range
of energies. It is worth noting that the spin-filter effect can
be observed only when the germanene nanoribbon is under
the influence of the local exchange field.

For the relative angle of exchange fields 6 = z, the
helical edge states at the lower edge are destroyed and lead
to inner states at the K point owing to the (—z)-direction
exchange field subjected to the right lead [see Fig. 4(a)]. In
comparison to Fig. 2(b), in which the external field of the
right lead is along the z direction, we note that the inner-
edge states emerge around K point instead of around K’
Therefore, the band structure of the right lead is essentially
the same as the left one. In Fig. 4(b), the electrons
transported through the germanene nanoribbon are spin
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FIG. 4. (a) Edge states of the right germanene lead, the

lower half of which is exposed to the (—z)-direction exchange
field. (b) Spin-dependent current, spin, and charge currents as a
function of the Fermi energy Ep.
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FIG. 5.

unpolarized, and the spin polarization P=(J4—J)/
(J4+J,) is exactly zero, which means that a thermal
gradient induces only a pure charge current without spin
current.

Turning the thermal spin generator on or off by con-
trolling the temperature of the leads is one of the most
natural strategies. However, since germanene and silicene
both have an extremely low thermal conductivity [55,56], a
longer time is required to cancel the temperature difference
AT, which results in a very low switching ratio. Here, we
propose a more immediate way of turning off the spin
generator, namely, by means of adjusting the exchange
field of the left and right leads to the x direction. In this
case, the upper-edge states of the left lead and lower-edge
states of the right lead are broken, which are depicted in
Figs. 5(a) and 5(b). The mismatch of edge modes makes
both the spin and charge currents vanish within the
bulk band gap [see Fig. 5(c)], and it can be used as a
high-efficiency switch. The distinct orientations of the
exchange field bring about completely different transport
characteristics and give rise to the GMR effect, which
can be described quantitatively by the ratio GMR =
[16(9) - IC(MX)]/IC(MX>’ where Ic(Mx) = IT(MX) +
I,(M,) denotes the charge current flowing through the
germanene system when the exchange field of the leads are
along the x direction. The numerical results for the GMR
corresponding to the current in Figs. 2(f) [1.(60 = 0)], 3(b)
[1.(0 = =/2)],and 4(b) [I.(0 = x)] are shown in Fig. 5(d).
As demonstrated in Fig. 5(d), GMR may reach extremely
large values when the Fermi energy Ef is around the band-
gap center.

We now briefly discuss the effect of defect scattering on
the spin-transport properties due to the fact that real
materials always have nonmagnetic defects (such as edge
roughness or structural defects) or magnetic defects (such
as a magnetic domain boundary). Since nonmagnetic defect
scattering does not break the time-reversal symmetry

/
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Edge states of the (a) left and (b) right germanene leads with the x-direction exchange field. (c) Spin-dependent current and
(d) giant magnetoresistance as a function of the Fermi energy Ep.

[57,58], the helical property of the edge states is topologi-
cally protected, and spin flips cannot be induced; therefore,
all results in this paper can also be obtained in the presence
of nonmagnetic defects.

IV. CONCLUSIONS

In summary, we theoretically investigate in this paper
thermoelectric spin transport through a germanene nano-
ribbon, where the left and right germanene thermal leads
are subjected to exchange fields at different locations. It is
found that the thermoelectric spin properties can be
strongly modulated by the orientation of exchange fields.
When the exchange fields of both leads are perpendicular to
the plane (6 = 0), the pure spin current can be generated
only if a temperature difference exists. In addition, J
values increase rapidly upon enhancing the system temper-
ature and temperature gradient. For the = 0.57 case (i.e.,
when the exchange field of the right lead lies in the plane),
the germanene device can efficiently filter not only spin-up
electrons but also spin-down electrons over a broad range
of energies. When the exchange field at one lead is
antiparallel to that of the other lead (6 = =), the temperature
difference induces only a pure charge current without
a spin current. We also find that, by adjusting the exchange
field of the leads to the x direction, the GMR emerges;
meanwhile, the spin-current generator can be rapidly and
effectively turned off.
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