aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Design for a spin-Seebeck diode based on two-dimensional
materials
Hua-Hua Fu, Dan-Dan Wu, Lei Gu, Menghao Wu, and Rugian Wu
Phys. Rev. B 92, 045418 — Published 20 July 2015
DOI: 10.1103/PhysRevB.92.045418


http://dx.doi.org/10.1103/PhysRevB.92.045418

New Designs of Spin-Seebeck Diode Based on Two-dimensional Materials

Hua-Hua Fu',* Dan-Dan Wu'!, Lei Gu', Menghao Wu'!, and Rugian Wu?{
LCollege of Physics and Wuhan National High Magnetic field center,
Huazhong University of Science and Technology, Wuhan 430074, P. R. China
2 Department of Physics and Astronomy, University of California, Irvine, California 92697-4575, USA.

Studies of the Spin-Seebeck effect (SSE) are very important for the developments of fundamental
science and novel low-power-consumption technologies. Spin-Seebeck diode (SSD), in which the
spin current can be driven by a forward temperature gradient but not by a reverse temperature
gradient, is a key unit in spin caloritronic devices. Here, we propose a new design of SSD using
two-dimensional (2D) materials such as the silicene and phosphorene nanoribbons as the source and
drain. Due to their unique band structures and magnetic states, thermally driven spin-up and spin-
down currents flow in opposite directions. This mechanism is different from that of the previous one
that uses two Permalloy circular disks [Phys. Rev. Lett. 2014, 112, 047203], and the SSD in our
design can be easily integrated with gate voltage control. Since the concept of this design is rather
general and applicable to many 2D materials, it is promising for the realization and exploitation of

SSD in nanodevices.

PACS number(s): 73.63.-b, 75.75.-c, 73.23.Hk

I. INTRODUCTION

Spin caloritronics examines the relationship between
spin and heat transport in materials and may offer new
possibilities for thermoelectric waste heat recovery'? and
information processing technologies® . A legendary dis-
covery of spin caloritronics research is the observation
of the spin-Seebeck effect (SSE)7, namely, a spin cur-
rent and an associated spin voltage are induced by a
temperature gradient. As further step towards device
applications, a design of spin-Seebeck diode (SSD) was
proposed in a spin-valve nanopillar geometry that al-
low the thermal-induced spin current to flow only in one
direction®. Its physical mechanism mainly relies on the
spin-wave excitations at metal-magnetic insulator inter-
faces, which is certainly not the only route to realize
SSE2. For high performance and easy control, it is de-
sired to exploit the momentum-spin lock features of novel
two-dimensional (2D) materials? ! for the design of SSD,
and the principles of such design have not been estab-
lished yet.

In this work, we demonstrate the possibility of mak-
ing new SSD for spin caloritronics devices based on 2D
materials, in which, the microscopic mechanism is dif-
ferent from the previous one®. We adopt zigzag silicene
nanoribbon (ZSiNR) heterojunction in our design to elu-
cidate the concept. Silicene, a realistic monolayer of sil-
icon atoms bonded together in a 2D honeycomb lattice
like graphene, has been synthesized very recently'?!'3,
The electronic structure of silicene from ab inito calcu-
lations is similar to that of graphene', both have high
electric conductivity. However, silicene is not strictly pla-
nar but has a buckled structure with a height difference
A between adjacent Si atoms of about 0.46A1516, which
leads to a nonzero energy gap and remarkably enhances
Seebeck coefficient! "8, To realize SSD, we need to have
magnetic ZSiNR, which typically can be done through

doping!®, defects?® and edge-modification®!. Here, we

use hydrogen-terminated ZSiNR that can be fabricated
by controlling the chemical potential of hydrogen via
temperature and pressure of Hy gas?®23. More explic-
itly, the ZSiNR heterojunction in our SSD design has a
double-hydrogen-terminated ZSiNR, (N-ZSiNR-Hy, sp?-
hybrid) as the source and a single-hydrogen-terminated
ZSiNR (N-ZSiNR-H, sp?-hybrid) as the drain [see Fig.
1(a)], where N denotes the number of zigzag Si chains
across ZSiNR. We focus on the spin currents driven by
temperature difference, AT, between the source tempera-
ture Tr, and the drain temperature Tg. Our calculations
demonstrated that (i) by applying a temperature gradi-
ent between two contacts, spin-dependent currents with
opposite spin directions are driven in the device and just
flow in opposite direction; (ii) due to the special band
structures and magnetic states, the spin current can be
driven by a forward temperature gradient but not by a re-
verse temperature gradient, indicating that the SSD be-
havior appears in the device; (iii) the SSD in our device
designs can be easily integrated with gate voltage con-
trol; and (iv) the concept of the device design is rather
general and can be extended to other 2D materials, such
as zigzag phosphorene nanoribbons.

The remainder of this paper is organized as follows. In
Sec. II, theory and computational details are described.
In Sec. III, we present the calculated results of the SSD
effect in ZSiNRs, discuss its physical mechanism, explore
influences of nanoribbon wide and gate voltage on the
SSD, and then extend the design concept to other 2D
materials. Finally, a short summary is given in Sec. IV.

II. THEORY AND METHOD

Our calculations were performed with the density func-
tional theory (DFT) and the nonequilibrium Green’s
function technique®*2?°.  Geometry optimization and
electronic structure calculations were first carried out
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FIG. 1. (Color online) (a) Schematic of the ZSiNR-heterojunction based spin caloritronics device, where the ZSiNR hetero-
junction is composed of N-ZSiNR-H> (Source) and N-ZSiNR-H (Drain), and placed on a substrate with a gate voltage. AT

represents the temperature difference between the source (Tt)

and the drain (Tr), i.e., TL-Tr. (b) Spin-dependent currents

Iyp and L4, versus AT, the opposite signs in them indicate that they flow in opposite directions. (¢) The total spin current
Is (= Lup — lan) and (d), the net electronic current I (= Lup + Ian) in the 4-ZSiNR heterojunction versus AT for some chosen
values of Tr (here, -I. is plotted since |Lan| > Lyp in a large region of AT).

with the SIESTA code?®. The positions of all atoms
were relaxed until the maximum force on atoms is less
than 0.01eV/A. We then calculated the transmittances
across the ZSiNR heterojunction with the TRANSIESTA
code?”28. The core electrons were described by norm-
conserving pseudopotentials, and the Perdew-Burke-
Ernzerhof functional of the generalized gradient approx-
imation was adopted for the description of the exchange-
correlation interactions among electrons®®. The double-
zeta plus polarization basis set with an energy cutoff of
150Ry and a Monkhorst-Pack k-mesh of 1x1x100 in the
Brillouin zone were chosen in our calculations.

In the Landauer-Bittiker formalism, the spin-
dependent current through the device is given by
I, = £ [% {To(E)[fL(E,TL) — fr(E, Tr)]}dE*’, where
e is the electron charge, h is the plank constant,
Juw)(E, Trg)) is the equilibrium Fermi-Dirac distribu-
tion for the source (drain), and T,(E) is the spin re-
solved transmittance function and defined as T, (E) =
Tr[lLGETRGA]?, where GE™ is the retarded (ad-
vanced) Green’s functions of the scattering region, o(=*
,4) denotes spin index and I'g) is the coupling matrix

of the source (drain). These expressions will help us ob-
tain the thermal spin-dependent transport through the
ZSiNR heterojunctions.

IIT. RESULTS AND DISCUSSION

Fig. 1(b) gives the calculated spin currents of the 4-
ZSiNR heterojunction versus AT for various Tg. It is
clear that the spin-dependent currents are generated in
this structure without the need of electric field or gate
voltage. Since the spin-up current I, is positive and the
spin-down current I, is negative, i.e., they flow in op-
posite directions with approximately equal magnitudes;
the SSE in the ZSiNR heterojunction is nearly perfect.

Strikingly, both I, and 14, are asymmetric about the
zero point of AT. For AT < 0, that is, T, < Tg, both
Iyp and Ig, remain zero when Tg < 300K. For AT > 0,
both I, and Iy, increase sharply after a threshold tem-
perature difference, ATyy,. In particular, ATy, decreases
to zero as TR increases. Since our main purpose is to de-
sign SSD in nanodevices, we plot the total spin current Iy
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FIG. 2. (Color online) (a) and (c) show the band structures
of the source 4-ZSiNR-Hz and the drain 4-ZSiNR-H, and (b)
(middle panel) shows the spin-resolved transmission spectra
of the 4-ZSiNR heterojunction. The red arrow (blue arrow)
illustrates the flowing direction of the spin-up (spin-down)
current, where the transmission is united by e*/h.

(= Lip —Ian) and the net electron currents I, (= Lup+1Idn)
versus AT for different values of T in Figs. 1(c) and (d),
respectively. The spin current shows an excellent diode
feature for Tr < 300K, allowing the thermal-induced
spin currents to flow in one direction only. Even for high
Tg, e.g., Tg = 400K, the ZSiNR heterojunction still be-
haves as a robust spin-Seebeck rectifier (SSR) since I in
the negative AT side is significantly smaller than that
in the positive AT side. Moreover, the values of I [see
Fig. 1(d)] are nearly two orders of magnitude larger than
those of I; in the entire ranges of AT and Ty, indicating
the carrier transport in this structure is dominated by the
spin current. This ensures the high performance and low
energy consumption of our SSD design. In addition, I,
also displays as thermoelectic diode and rectifier behav-
iors, and meanwhile shows a negative differential ther-
moelectric resistance (NDTR), which originates from the
competition between I, and I, with opposite flowing
directions.

To understand the SSD behavior of the junction, we
present the band structures of the two terminals and its
spin-resolved transmission in Fig. 2. Our first-principle
calculations indicate that the left panel, 4-ZSiNR-Hs, has
an antiferromagnetic ground state, while the right panel,
4-7ZSiNR-H, has a ferromagnetic one, which are consistent
with their previous magnetism studies®'. From the band
structures shown in Figs. 2(a) and (c), one can find that
only their bonding 7 bands and anti-bonding 7* bands
are near the Fermi level. Particularly, these states in the
source are degenerated in spin while they have spin split-
ting in the drain. Such a unique combination of bands
gives rise to the spin-resolved transmission spectrum of
the junction and subsequently its SSD feature we dis-
cussed above. As shown in Fig. 2(b), the transmission
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FIG. 3. (Color online) (a)-(d) The total spin current Iy and
the net electron current I. as a function of AT for various N-
ZSiNR heterojunctions with N = 4-7 and Tr = 200K. (e)-(f)
The corresponding spin-up currents I, and spin-down cur-
rents Iqn versus AT.

peaks for the spin-up and spin-down electrons are in dif-
ferent energy regions, i.e., 0.13eV < (E — Ep) < 0.36eV
for spin-up and —0.5¢V < (E — Ep) < —0.14eV for spin-
down, respectively. This breaks the electron-hole symme-
try and leads to nonzero net spin currents. More explic-
itly, the main transmission peak for the spin-up channel
is above the Fermi level; positive spin-up current is pro-
duced by electron transport from the source to the drain
at sufficiently high Ty,. In contrast, the major transmis-
sion peak for the spin-down channel is below the Fermi
level, and the flow of holes from the source to drain causes
a negative spin-down current. The similar amplitudes of
Tup and Tg, near the Fermi level lead to nearly equal
magnitudes of I, and lg,. Since the band gap of the
source is much larger than that of the drain, the trans-
port channels open only when AT > 0, which leads to
the SSD feature of the junction. It is clear that the phys-
ical mechanism to realize SSD here is different from the
previous one based on the spin-wave excitations in the
metal-insulator interface®.

Obviously, the operation AT, Ty as well as the spin
filtering efficiency of our SSD depends on the band gaps
of source and drain. The band gap of a nanoribbon opens
because of the interaction between two edges, and it is
hence useful to examine the effect of the width of ZSiNRs
on the performance of SSD. Figs. 3(a)-(d) show I and I.
versus AT for the N-ZSiNR heterojunction with N = 4-
7. It is clear that the SSD feature stays in wider ZSiNRs
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FIG. 4. (Color online) (al)-(el) The total spin current Iy and
the net electron current I. versus AT in the 5-ZSiNR hetero-
junction for gate voltage V, = -0.5, 0.5, 1.0, 1.25 and 1.5V,
respectively. Figures (a2)-(e2) show the corresponding spin-
resolved transmission spectra Ty, and Ty, (E) for electrons
(E > Er) and holes (E < EFr) near the Fermi level.

especially when N is even. For odd-N cases, I,, and
Ign have much different amplitudes and I, is no longer
negligible. Obviously, the geometrical symmetry and the
width play important roles on the spin caloritronics of
ZSiNR since they leads to different gaps and transmission
probabilities between the 7 and 7* states®!.

Furthermore, the band gaps and band alignments of
ZSiNRs can be tuned by applying a back gate voltage
(Vg). To illustrate this point, we take the 5-ZSiNR het-
erojunction as an example, and plot the curves of Iy and
I. versus AT for various Vg in Figs. 4(al)-(el). While
negative V, raises I. [see Fig. 4(al)], positive V, can effi-
ciently suppress I, without scarifying I;. As V, increases
to 1.25V, I, is reduced to zero in a wide range of AT,
indicating the nearly perfect SSD feature even in the 5-
ZSiNR heterojunction. We found that the increase of V
lowers I, and raises Ig,, and as Vg increases to the crit-
ical value 1.25V, the curve of I, is nearly symmetric to
that of Iq,. To shed some light on the mechanism of the
Ve-dependence of 1., we plot the spin-resolved transmis-
sion Typ an(E) under various gate voltages in Figs. 4(a2)-
(e2). In the insets, the spin-down hole transmittance
(E < Ep) is flipped to the positive energy side for the
easiness of comparison with the spin-up electron trans-
mittance (E > Er). For negative V, [see Fig. 4(a2)],
Tqn starts from larger energy and has lower amplitude
than does Ty, and hence we have I, > |I4n| and a net
I.. For positive Vg, Ty, is gradually suppressed near the
Fermi level whereas Tg, remains unchanged. As a result,
I. decreases to zero because of the cancellation between
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FIG. 5. (Color online) (a) Schematic illustration of a zigzag
phosphorene nanoribbon (ZPNR) based spin caloritronics de-
vice. The ZPNR nanoribbon heterojunction is composed
of antiferromagnetic N-ZPNR as the source and ferromag-
netic single-hydrogen-terminated N-ZPNR (N-ZPNR-H) as
the drain. (b) and (d) The band structures of the source
4-ZPNR and the drain 4-ZPNR-H. (c) The spin-dependent
transmission spectra in the 4-ZPNR heterojunction. (e) and
(f) The spin currents Is versus the device temperature differ-
ence AT (= Tp-Tr) in the 4-ZPNR heterojunction and the
7-ZPNR one, respectively. It clearly shows that SSD appears
in the both devices.

Lp and Iq,. As Vg increases further, for example V, =
1.5V, Typ is suppressed further and Ig, overtakes I,
leading to a negative I.. Apparently, the gate voltage is
an effective parameter to reduce the conducting charge
currents and optimize the SSD performance of the ZSiNR
heterojunctions.

Apparently, our SSD design is applicable to junctions



of many two-dimensional materials as long as they have
appropriate magnetic states, band gaps and band align-
ments. Here we show that the SSD feature can also
be realized at the junctions of phosphorene nanoribbons.
Phosphorene is a new 2D material possessing honeycomb
structure of black phosphorus. Just as graphene can
isolated by peeling graphite, phosphorene can be simi-
larly isolated from black phosphorus by mechanical ex-
foliation method3?734, and seems to be more stable than
silicene*. It is reported that phosphorene nanoribbons
can be optimized to have superb thermoelectric perfor-
mance even at room temperatures®®. Following the de-
sign in Fig. 1(a), we use the pristine zigzag phospho-
rus nanoribbon (ZPNR) as the source and the single-
hydrogen-terminated ZPNR (ZPNR-H) as the drain, as
illustrated in Fig. 5(a), where a similar AT (=T-Tg) is
applied between the source and the drain. The first prin-
ciples calculations show that the pristine 4-ZPNR, has
an antiferromagnetic ground state [see Fig. 5(b)], while
the 4-ZPNR-H has a ferromagnetic one [see Fig. 5(d)],
in consistent with the previous magnetic analysis for the
ZPNRs?6. The band structures of the source and the
drain give nearly symmetric spin-dependent transmission
spectra as shown in Fig. 5(c). As a result, the spin-up
current I, flows from the drain to the source, while the
spin-down current I, flows just in opposite direction, as
illustrated in Fig. 5(c). The opposite flows of I, and
Iyp nearly cancel the charge current. Again, the curves
of Iy versus AT display good SSD feature in Fig. 5(e),
due to larger band gap of the source. As the band gap
decreases for wider ZPNRs, the value of ATy, also de-
creases and the SSD behavior remains, as show in Fig.
5(f), where the spin currents for the 7-ZPNR heterojunc-
tion are plotted. This phenomenon can be used for the re-
duction of AT to a practical range for device operations.
Moreover, very recent studies showed that external elec-
tric field®” and compressive stain383? are also effective to
control band gaps of ZPNRs. Thus we can integrate and
manipulate the operation of the ZPNR-based SSDs with
other means, as desired for sensing, spintronics and spin
caloritronics applications.

IV. SUMMARY

In conclusion, we have proposed a new design concept
for making SSD with a ZSiNR heterojunction. Spin-
dependent currents can be generated in the device by
using temperature gradient instead of external electric
bias. Appropriate control on the magnetic states and
band structures of the source and drain allow almost per-
fect cancellation between thermal-induced spin-up and
spin-down currents that flow in opposite directions with
nearly equal magnitudes across the heterojunction. The
SSD is realized because of the difference in band gaps
between the source and drain. The SSD obtained here
shows an odd-even symmetry, the even-N ZSiNR is bene-
ficial to act as a good SSD, while the odd-N ZSiNR trends
to generate high-polarized spin current. Moreover, we
found that the gate voltage is an effective parameter to
reduce conducting charge currets and optimize the SSD
performance of the ZSiNR heterojunctions. More im-
portantly, the design concept of the SSD is rather gen-
eral and can be extended to other 2D materials, such
as the ZNPRs having appropriate magnetic states, band
gaps and band alignments. In addition, the performance
of ZSiNR- and ZPNR-based SSDs can be conveniently
tuned by adjusting their widths and compressive stain.
Our design principles provide a new strategy for the real-
ization of SSD or other tunable spintronics nanodevices.
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