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ABSTRACT: By using first-principle calculations combined with
the non-equilibrium Green’s function approach, we studied the spin
caloritronic properties of zigzag graphene nanoribbons with a
nanobubble at the edge (NB-ZGNRs). The thermal spin-polarized

currents can be induced by a temperature difference, and the spin
Seebeck effect is found in the nanoribbon. The spin polarization, o+ 2 zwrene
magnetoresistance, and Seebeck coefficients are discussed, which are N Frpran
strongly affected and can be tuned by the geometrical strain. 3 D akspi o
Moreover, some novel spin caloritronic devices are designed, such as oo
a device that generates bidirectional perfect spin currents and o oakepmdom
thermally induced giant magnetoresistances. Our results open up the [ ¥ 550%., -
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possibility of tuning the spin caloritronic properties of the NB-
ZGNR-based devices by changing the elastic strain on the graphene
nanobubble.
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caloritronic devices based on ZGNRs are realized in theoretical
and experimental studies,””* and even the spin Seebeck effect
also has been found in ZGNRs.”'®*° However, it is worth
noting that graphene is able to form nanosize bubbles by
trapping gas molecules under high pressure”*® or growing in
ultrahigh vacuum.”” Theoretically, the presence of the
graphene nanobubble may cause elastic strain and modification
on electron density, affecting the electron-hopping amplitude
between carbon atoms.*® For instance, researchers have found
that the graphene nanobubbles can induce pseudomagnetic
fields greater than a value of 300 T at room temperature.”’
Whether the spin Seebeck effect of the ZGNR is affected by
the geometrical strains caused by the graphene nanobubble or
not is a matter of great concern.

As we know, the graphene nanobubbles always appear in

1. INTRODUCTION

As the world’s energy demand continues to grow, traditional
energy sources will gradually dry up, and it is particularly
important to develop new materials to provide sustainable
green energy for the future. One promising resolution lies on
thermoelectric materials, which reveal the interplay of heat and
charge transport.'~* Meanwhile, spintronics, which concerns
the interplay of spin and charge transport, has been recognized
as a promising technology to complement conventional silicon-
based electronics.”™® Recently, spin caloritronics, which
combines thermoelectrics and spintronics, mainly focusin$ on
heat and spin transport, has attracted great attention.””'' A
notable recent finding of spin caloritronics is the observation of
the spin Seebeck effect by Uchida et al.,'”'® where the spin

current and associated spin voltage are produced by a
temperature gradient and the spin-polarized currents flow in
opposite directions. To obtain a remarkable spin Seebeck
effect, many researchers have focused their research on low-
dimensional nanomaterials, ;)articularly one-dimensional nano-
ribbons and nanowires.'* "

Meanwhile, graphene nanoribbons (GNR), which exhibit
various spintronic and thermoelectric properties, have attracted
much attention and are one of the most promising candidate
materials for future electronic devices.”'®'®'? In particular,
zigzag-edged graphene nanoribbons (ZGNRs) are more
notable because of its spin-resolved electronic and transport
properties.”’">* At present, a lot of spintronic and spin
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two-dimensional graphene sheets during the experimental
preparation.””*"** The graphene nanobubble may be split in
half when the edge of the ZGNR is located on the nanobubble
during the cutting process. In this paper, we consider the
structure that a half nanobubble locates at the edge since the
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electron transport properties are mostly depended on the edge
states of the ZGNR. The results show that the spin Seebeck
effect of the NB-ZGNR is greatly influenced by the local
geometrical strain at the edge. Moreover, the elastic strain
induced by the nanobubble can tune the spin caloritronic
properties of the NB-ZGNR.

2. RESULTS AND DISCUSSION

As shown in Figure 1, the 8-ZGNR nanoribbon with 8 zigzag
carbon chains is selected to construct the devices,>® and the

Figure 1. Schematic device model of the two-probe system of the
defected ZGNR with the graphene nanobubble. (a) Top view and (b)
side view. The red frame indicates the semi-infinite left leads, while
the blue one indicates the semi-infinite right leads. The transmission
direction is along the z direction.

scale of the half nanobubble is marked in the figure. The height
of the nanobubble is adjustable and is set to H (from 0.1 to 1.2
A) in our study to achieve varying degrees of geometrical
strains. Notice that the left and right electrodes are semi-
infinite, the scattering region includes the nanobubble and the
buffer layers, and all the dangling bonds at the edges are
passivated with hydrogen atoms.

Since the spin orientation of the ZGNR electrodes can be
tuned by an external magnetic field, the magnetic field is
applied on the electrodes, and the electrodes are all
ferromagnetic. The magnetization configuration of the device
can be set to parallel configuration (PC): the magnetic fields of
left and right electrodes are set in the same direction (both up)
or antiparallel configuration (APC): the magnetic fields of left
and right electrodes are set in the opposite directions (left is up
and right is down). We have calculated the thermally induced
spin-dependent currents of the NB-ZGNR devices in both PC
and APC magnetization configurations, and the results are
shown in Figure 2. The heights of the nanobubble (H) are
chosen at 0.3, 0.6, 0.9, and 1.2 A. Meanwhile, the results of the
ideal ZGNR-based device in PC and APC are also shown in
the figure to make a comparison.

In PC, obvious spin Seebeck effects can be seen in ZGNRs
and parts of NB-ZGNRs, whose spin-up currents are positive
while the spin-down ones are negative. The spin-resolved
current curves versus Ty, (AT = 20 K) and AT (T, = 380 K)

are plotted in Figure 2a,b. As the height of the nanobubble
increases, the positive spin-up current curves remain nearly
constant, which means that the enhanced geometrical strain
has no effect on the spin-up currents in NB-ZGNRs. However,
with the nanobubble’s height increasing, the negative spin-
down current curves decrease rapidly, eventually reverse, and
then increase in the opposite direction, which is greatly
affected by the geometrical strain. In some NB-ZGNRs, the
spin Seebeck effects are gradually weaken or even disappeared.
For instance, when the height of the nanobubble reaches 1.2 A,
the spin Seebeck effect is completely unobservable, and we can
only obtain the thermal spin-up and spin-down currents in just
one direction (positive).

In APC, the thermally induced spin-polarized currents are
also obtained in the device, but the spin-up and spin-down
currents are both negative and no obvious spin Seebeck effects
can be seen. As seen from the spin-resolved current curves
versus T (AT =20 K) and AT (T, = 380 K) in Figure 2c,d,
the values of spin-down currents are much larger than the spin-
up ones, and both of them are getting larger with the increasing
height of the nanobubble. When the heights of the nanobubble
reach 0.9 and 1.2 A, the values of thermal spin-down currents
are nearly proportional to T} (Figure 2c), with curve slopes of
—2.10 X 107" and —2.97 X 107"%, respectively.

Since the spin polarization is one of the most important
parameters of the spin caloritronic device, we have calculated
the spin polarizations (SPs) of all the devices using SP (%) = (|
Lyl = o)/ (Il + ggy) X 100, and the results are shown
in Figure 3. The vertical coordinates represent the height of the
nanobubble (H), where H = 0.0 means the ZGNR-based
device. Because of the aggravating heat dissipation of electronic
devices in practical applications, we mainly focus on the SPs at
room and elevated temperatures. As we can see from Figure 3a,
in PC, the ZGNR-based device has a large SP at low
temperatures (T}, < 250 K), and the SP decreases rapidly with
the temperature increasing. At room temperature, the SP of
ZGNRs is as low as 12.7%. However, due to the influence of
geometrical strain, the SPs of NB-ZGNRs have changed a lot,
which increase at room and elevated temperatures. With the
nanobubble’s height increasing, from the device H = 0.4 A, the
SPs of NB-ZGNRs can reach nearly 100% (complete
polarization) in a certain temperature range (the red zone)
at room and elevated temperatures. The corresponding
temperatures for complete spin polarization rise as the height
of the nanobubble increases, and the applicable temperature
range gets larger. By changing the strain of the device, we can
tune and control the spin polarization of the nanoribbon and
obtain the completely spin-polarized current in a certain
temperature range at room and elevated temperatures. As seen
from Figure 3b, when the T is fixed at 380 K, the variation of
SP versus AT is relatively small, which means that spin
polarization is less affected by the temperature difference. In
this case from the figure, the completely spin-polarized
currents are mainly obtained in the devices H = 0.6 and 0.7
A, but since establishing a huge temperature difference in such
a small device is rather difficult in practice, a NB-ZGNR-based
device with H = 0.7 A is the optimum device configuration to
obtain a perfect spin polarization effect at 380 K. Therefore, in
practical applications, we can tune the elastic strain of the
nanobubble according to the working temperature of the
device to generate a completely spin-polarized thermal current.

Meanwhile, in APC, the spin polarizations are much higher
than those of PC, and all of them are almost greater than 70%.
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Figure 2. Thermal spin-dependent current curves versus Ty (a, ¢) and AT (b, d) in PC and APC magnetization configurations.
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Figure 3. Contour graphs of spin polarization (%) in PC and APC. (a, c) Versus H and Ty; (b, d) versus H and AT.

As seen from Figure 3c,d, the spin polarization in the red zone polarization. Both the T} and AT have less effect on the spin
is extremely close to 100%, which is almost a perfect spin polarization, and in contrast, the elastic strain plays a key role
15310 https://doi.org/10.1021/acsomega.1c01640
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Figure 4. Magnetoresistance (MR) as a function of T (a) and AT (b) of the devices with different H.
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Figure 5. (a, c) Charge Seebeck coefficient (Sy,) and (b, d) spin Seebeck coefficient (SSP) as a function of T in PC and APC.

in spin polarization. In this case, the NB-ZGNR device with H
= 0.3 A can achieve perfect spin polarization over an extremely
wide temperature range, which can be used to generate a
perfect spin-polarized thermal current in application. Since the
total current directions of PC and APC are opposite (Figure
2), and both can achieve perfect spin polarization through
geometrical strain, we can use it to obtain a NB-ZGNR-based
device to generate a perfect bidirectional spin-polarized
current, which means that we can obtain either a forward or
reverse spin current with nearly 100% spin polarization by
setting the appropriate magnetic orientations and temperature
differences.

Since the spin orientation of the electrode can be controlled
by the magnetic field direction, we can alter the device
magnetic configuration from APC to PC by changing the
directions of the magnetic fields. The corresponding magneto-

15311

resistance (MR) can be obtained from the equation MR (%) =
(Rpc — Rapc)/(Rapc) X 100 = [(Iypc — Ipc)/Ipc] X 100,
where I,pc and Ip are the total currents in the APC and PC,
respectively. As seen from Figure 4a, when the temperature is
very low (T, < 200 K), all the NB-ZGNR-based devices have a
large value of thermal MRs, greater than 10%%. Thereinto, the
MRs of five devices, whose nanobubble heights are 0.3, 0.4,
0.5, 0.6, and 0.7 A, are greater than 10%%; when the heights are
0.3 and 0.4 A, MRs can even be greater than 10%% at extremely
low temperatures. However, since the applicable temperatures
are too low, these giant MRs cannot be used practicably in the
industry application. As the temperature (T) increases, the
MR values of most devices gradually decrease and eventually
fall below 10%% at about 400 K. However, the MR curves of
three devices with nanobubble heights of 0.1, 0.2, and 0.3 A are
somewhat different: a peak around room temperature

https://doi.org/10.1021/acsomega.1c01640
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Figure 6. (a) Fermi distribution of the left electrode (the left panel, higher temperature) and the right electrode (the right panel, lower
temperature). The spin-dependent transmission spectra in (b) PC and (c) APC are shown, and the H values are set to 0.3, 0.6, 0.9, and 1.2 A.

appearing on the MR curve. The peak value of the device H =
0.3 A appears around 255 K, while the peak values of devices H
= 0.1 and 0.2 A appear around 305 and 300 K, respectively.
Thus, when the temperature is greater than 200 K, the MR of
the device H = 0.3 A can remain greater than 10°% within a
temperature range [240 and 260 K] and greater than 10%%
until 300 K; the MR of the device H = 0.1 A can remain
greater than 10%*% within a temperature range [280 and 320
KJ; the MR of the device H = 0.2 A can remain greater than
10*% within a temperature range [270 and 315 KJ. As seen
from Figure 4b, the temperature difference also has an effect
on the value of MR, which grows a lot with AT increasing, but
the magnitude change is smaller than T}. Moreover, as seen
from the growth of the curves, the device with less geometrical
strain is more affected by the temperature difference. Making
use of these properties, we can use NB-ZGNR to construct
thermal giant MR (GMR) device, whose value can be tuned by
the structure strain. According to the actual temperature, we
can choose the suitable strain and obtain an optimum MR. For
instance, around room temperature, the optimum heights of
nanobubbles should be 0.1, 0.2, and 0.3 A, and then high MRs
can be obtained.

The charge Seebeck coefficient (Sg) and spin Seebeck
coefficient (SSP) of the NB-ZGNR-based devices are calculated,
and the corresponding curves versus Ty in PC and APC are
plotted in Figure S. As the height of the nanobubble changes
from 0.1 to 1.2 A, the S, increases and remains positive, as
seen in Figure Sa, which indicates that the device is hole-
conducting in PC. Meanwhile, in APC, as seen in Figure Sc,
the absolute value of Sy also increases with the geometrical
strain increasing but the value remains negative, which

15312

indicates that the device is electron-conducting in this
configuration. Hence, the NB-ZGNR-based devices can
transfer between electron-conducting (APC) and hole-
conducting (PC) by adjusting the magnetic field direction of
the electrode. The spin Seebeck coefficient is defined as S, =
St — S, where S; and S| are the Seebeck coefficients of spin-up
and spin-down channels, respectively, and the S, curves in PC
and APC are shown in Figure Sb and Figure Sd, respectively.
In PC, the S, curve decreases with the height increasing.
When the temperature is not high, the S, decreases first and
then increases negatively. When the temperature is higher than
400 K, all the S, values remain positive and decrease with the
increasing strain. In APC, some devices have S, greater than
zero while others are less than zero, which mainly depend on
the heights of the nanobubbles. With the strain increasing, the
Syp curve decreases and those of H = 0.6 and 0.7 A are down to
nearly zero, so the spin Seebeck effect weakens. As the strain
continues to increase by exceeding H = 0.8 A, the Sp values are
all negative and their absolute values increase rapidly. The
negative maximum value of S, is shown in the device H = 1.2
A near 400 K. We also note that, among all devices in APC, the
device H = 0.5 A shows a great different trend in the S, and S
curves versus T}. In a word, these results tell us that we can use
the geometrical strain to tune the spin Seebeck effect of the
NB-ZGNR-based device.

At last, we discuss the causes of the thermally induced
currents and spin Seebeck effects, which mainly depend on the
interaction of electrodes’ Fermi—Dirac distributions and
asymmetric spin-polarized transmission spectra. To understand
the fundamental mechanism of the properties, it is necessary to
analyze the electron distributions and the carrier concen-

https://doi.org/10.1021/acsomega.1c01640
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trations of the left and right electrodes, which are determined
by the Fermi—Dirac distribution. The Fermi—Dirac distribu-

tions of T} = 400 K and Ty = 200 K are shown in Figure 6a,
1

which is defined asf(E, T) = Pl E— T where y is the
chemical potential. There are two conditions for carrier
transport: The first is that a carrier (electron) with an energy
higher than the Fermi level flows from the left electrode to the
right one because the electron distribution of the left electrode
is higher than that of the right one, thus generating a negative
current I.. The second is a carrier (hole) with an energy below
the Fermi level, which also flows from left to right because the
electrons at the left are less distributed than at the right,
producing a positive current I;. If the transmission spectrum is
symmetric, then I, and I, will cancel each other out and no
thermal current can be obtained. However, if the transmission
spectrum is asymmetric, then the thermally induced current
will be a negative electron current or a positive hole current,
which depends on the transport channels above and below the
Fermi level. In addition, we mainly focus on the electron
transmission with temperature differences, and the effect of the
phonon is neglected here.

The spin-polarized transport spectra of NB-ZGNRs with
heights of 0.3, 0.6, 0.9, and 1.2 A are shown in Figure 6b,c,
including PC and APC. In PC, the spin-up transport spectra
have a high transport peak below the Fermi level, while the
spin-down transport spectra have a large transport peak above
the Fermi level. Thus, the spin-up thermal currents are positive
since the positive hole currents dominate, while the spin-down
thermal currents are negative since the negative electron
currents dominate, and the spin Seebeck effects appear (Figure
2a). As the height of the nanobubble increases, the spin-up
transport spectrum changes a little, and just a tiny valley
appears at —0.54 eV in the spectrum of the device H = 1.2 A,
which is quite far away from the Fermi level and has little effect
on the carrier transport. That is why the spin-up current curves
are almost constant as the geometrical strain changes. At the
same time, the spin-down transport spectrum shows an
obvious transmission valley not far from and above the
Fermi level, which becomes deeper and deeper with the strain
increasing, so the absolute value of the spin-down current
decreases gradually. When the height of the nanobubble
reaches 1.2 A, the nadir of the transport valley is as low as 0.0S,
very close to zero, with few transmission channels above the
Fermi level. Therefore, the positive hole current plays a
dominant role in the device H = 1.2 A, the thermal spin-down
current is positive, and the spin Seebeck effect disappears
(Figure 2a).

In APC, since the spin-up spectrum is almost symmetrical to
the devices with different H, the thermal spin-up current is
quite small all the time. As the strain increases, the spin-up
transport spectrum above the Fermi level just increases slightly,
so the electron current is dominant and the thermal spin-up
current is negative with just a little change. At the same time,
due to the obvious asymmetry of the spin-down transport
spectrum, the thermal spin-down current is dominated by
electron currents, so the spin-down current is negative and
quite large. With the increase in strain, the asymmetry of the
transport spectrum is enhanced, and the transport channels
above the Fermi level is increased, which makes the value of
the thermal spin-down current increase rapidly (Figure 2c).

3. CONCLUSIONS

In summary, the spin caloritronic properties of NB-ZGNRs
have been investigated using the NEGF-DFT approach. By
changing the geometrical strain, the thermally induced
transport properties of the devices can be tuned, such as the
thermally induced current, the spin Seebeck effect, the spin
polarization, and the thermally induced magnetoresistance.
The mechanisms and causes of these properties can be
explained by the spin-polarized transport spectra and Fermi—
Dirac distributions in our study. By applying the appropriate
temperature difference and geometrical strain and changing the
directions of the electrode magnetic fields, we obtained the
NB-ZGNR-based spin caloritronic device that can generate a
perfect bidirectional spin-polarized current. We also predicted
that, under the temperature gradient, the GMR can be
obtained around room temperature in the NB-ZGNR-based
device, the value of which is also related to the geometrical
strain of the nanoribbon.

4. METHODS

Our first-principles calculations are based on the Nanodcal
quantum transport package, which adopts spin density
functional theory combined with the nonequilibruim Green’s
function (NEGF).”**> The NEGF transport model in the
Nanodcal package is that the boundary conditions are not
periodic in the transport C-direction. Since our devices are
one-dimensional systems, with vacuum layers of more than 15
A in these two directions, the k, and kg were all set to one.
Furthermore, we needed a lot of kc-points in the electrode
calculation to match the Fermi level of the electrodes and the
central region. Therefore, the value of ko = 100 was set to
preserve the accuracy of the results. The calculation was
carried out using the framework of density functional theory
with the spin-polarized generalized gradient approximation and
Perdew—Burke—Ernzerhof exchange correlation functional,
and core electrons were described by norm-conserving
pseudopotentials.*®”” A single-polarized basis set was used,
the cutoff energy was 150 Ry, and the convergence parameters
of the optimization were chosen as follows: a total energy
tolerance of 1 X 107> eV/atom and a maximum force tolerance
of 0.01 eV/A. The NEGF-DFT self-consistency was controlled
by a numerical tolerance of 107° eV. The spin-dependent
current through the system was calculated using the Landauer
formula:*®

o= f (T'OE)If (E, 1) - £, (E, )]} dE 0

where fyg)(E,u) is the equilibrium Fermi distribution for the
left (right) electrode, y; = Ep & eV/2 is the electrochemical
potentials of the left and right electrodes in terms of the
common Fermi energy Eg, and T'W(E) is the spin-resolved
transmission defined as

T'(E) = T GARGATY @)

where GR® is the retarded (advanced) Green’s functions of
the central region and I' () is the coupling matrix of the left
(right) electrode. In spin caloritronic calculations, we mainly
focus on the spin-dependent currents driven by the temper-
ature difference between the source and the drain (AT = Ty —
T, ), without any external bias, and y; = pg = E (Fermi level)
is set to zero.
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