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Using ab-initio methods we cal culate thermoel ectric and spin thermoel ectric properties of zigzag SiC nanoribbons, asymmetri-
cally terminated with hydrogen. Such nanoribbons display ferromagnetic ground state, with edge magnetic moments oriented in
parallel. Both thermopower and spin thermopower have been determined as a function of chemical potential and temperature.
To find the thermoel ectric efficiency, the total heat conductance has been calculated, i.e. the electronic and phonon contributions.
Numerical results for SiC nanoribbons are compared with those for graphene and silicene ones.

1 Introduction

One can observe recently a growing interest in thermoel ectric
properties of various nanostructures. Thisis because thermo-
electric phenomenain such systems offer a possibility to con-
vert dissipated heat into electric energy at a nanoscale. Recent
investigations show that the thermopower and thermoelectric
efficiency in nanostructures can be considerably enhanced due
to quantum size effect and Coulomb blockade ™. Moreover,
the interplay of charge, spin and heat transport in magnetic
nanostructures can lead to spin related thermoelectric phe-
nomena®>®. In particular, when the spin relaxation time in
such systems is sufficiently long, then — apart from the con-
ventional thermopower S¢ corresponding to the thermal gen-
eration of acharge voltage AV — the spin thermopower Sg can
be observed, which describes the spin voltage AV induced by
atemperaturegradient AT 8. The spin thermoel ectric phenom-
ena can play an important role in spintronic devices, where
dissipated heat can be converted into aspin voltage ’.

Very recently both conventional and spin thermoelectric ef-
fectsin zigzag-type nanoribbonsof graphene (zGNRs) and sil-
icene (zSINRs) have been investigated theoretically *6. Such
nanoribbons exhibit antiferromagnetic ground state, where
magnetic moments arelocalized mainly at the edge atoms and
the moments at one edge are opposite to those at the other
edge!”18. Ferromagnetic alignment of the edge momentsin
ZGNRs and zSiNRs can be achieved due to the proximity ef-
fect (exchange coupling of the moments to a ferromagnetic
substrate), external magnetic field 1620, or appropriate modi-
fications of the edges?2*. As the spin thermoelectric effects
disappear in a strictly antiferromagnetic state, they become
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observable in the ferromagnetic phase. Indeed, it has been
shown that a considerable spin Sg and conventional S¢ ther-
mopowers can be observed in ferromagnetic nanoribbons *°.
The effect can be further enhanced by structural defects like
antidots, impurity atoms2®, or asymmetric hydrogenation of
the edge atoms?®. As aresult, the thermoel ectric efficiency of
such systems can be enhanced in comparison to that in other
material's, which makes these structures attractive for applica-
tions.

Apart from graphene and silicene, aso other two-
dimensiona structures based on a honey-comb lattice have
been investigated — mostly theoretically by ab-initio methods.
One of such graphene-like materials is two-dimensional sili-
con carbide (SIC), which in contrast to graphene or silicene
is a wide-band semiconductor 228, Therefore, this material
is very promising for future applications in nanoelectronics
devices, and has received a considerable attention recently.
Though two-dimensional SiC has not been obtained yet, vari-
ouslow-dimensional SiC structures, like one-dimensional SiIC
nanotubes and nanowires have been synthesized 2%, Apart
from this, various techniques for growing SiC nanostructures
have been proposed 315,

Using first-principles methods, the structural and electronic
properties of SIC nanoribbons (SICNRs) have been investi-
gated theoretically 3%, It has been shown, among others,
that magnetization of zigzag SiC nanoribbons (zSiICNRS) can
be controlled by an external transverse electric field . Fur-
thermore, a half-metallic behavior has been found in narrow
zigzag SICNRs®. Studies of zSiCNRs doped with B and N
atoms show that the half-metallic behavior is maintained in
the presence of boron impurities, whereas nitrogen atoms at
the edge positions transform the nanoribbon into the metallic
phase®. Interestingly, it has been also shown that magnetic
properties of zZSICNRs can be controlled by appropriate mod-
ification of the edges, e.g. with donor/acceptor groups ** or
F/Cl atoms *.
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Stability of zSICNRs with bare edges as well as with edges
terminated with hydrogen has been studied and discussed in
several papers®46, and a reconstruction of the bare edges,
especialy of C type, has been proposed. However, termina-
tion with hydrogen can prevent the reconstruction, and thus
enhance the binding energy 384647, Theoretical studies show
that different types of hydrogen terminated zZSICNRs can be
obtained by controlling hydrogen pressurein the environment.
For low hydrogen pressure, structures of the 1H-1H type can
be formed, where atoms at both edges are terminated with sin-
gle H atoms. However, under standard conditions the most
stable nanoribbons are those of 2H-2H type, with both Si and
C edge atoms bonded to two hydrogen atoms, or nanoribbons
asymmetrically terminated with hydrogen, i.e. of the 2H-1H
type, where the C edge atoms are bonded to single hydrogen
atoms only %6. Calculations for zSICNRs of 1H-1H type show,
that the ferromagnetic configuration, where all edge magnetic
momentsare orderedin parallel, is practically degenerate with
the antiferromagnetic state, in which magnetic momentsat one
edge are antiparallel to those at the other edge“®. The latter
configurationis very interesting due to half-metallic behavior,
but in practice it would be difficult to stabilize the antiferro-
magnetic ordering. On the other hand, nanoribbons of 2H-2H
aswell as of 2H-1H types exhibit ferromagnetic ground state.

In the present paper we focus on the nanoribbons asym-
metrically terminated with hydrogen, i.e. on the nanoribbons
of 2H-1H type, which exhibit a stable ferromagnetic order-
ing at relatively low temperatures. At higher temperatures, the
ferromagnetic state can be stabilized by an external magnetic
field or by the proximity effect. For these systems we calcu-
late transport and spin related thermoel ectric coefficients, and
show that a considerable enhancement of the thermoelectric
efficiency can be expected even at room temperature. In sec-
tion 2 we introduce the thermoel ectric coefficients and present
numerical results on the electrical and heat conductance as
well as on the thermopowers. The phonon heat conductance
is presented and discussed in section 3. Thermoelectric effi-
ciency of zSICNRs is calculated and described in section 4.
Comparison with other related systems is given in section 5,
while summary and final conclusionsare in section 6.

2 Thermoelectric properties of 2H-1H zSiC-
NRs

2.1 Method of calculations

Electronic properties of zSICNRs were investigated by the ab-
initio method within the DFT Siesta code®3. The structure
under consideration was optimized until atomic forces con-
vergedto 0.02 eV/A. Theatomic double polarized basis (DZP)
was used, and the grid mesh cutoff was set equal to 200 Ry.
The generalized gradient approximation (GGA) with Perdew-

Burke-Ernzerhof (PBE) parametrization was applied for the
exchange-correlation part of the total energy functional 5.
Calculations based on the Lee-Yang-Parr (LY P) parametriza-
tion of the GGA potential °® were also performed, and the re-
sults of both methods were compared. Then, the spin-resolved
transmission T4 (E) through the nanoribbon was determined
within the non-equilibrium Green function (NEGF) method,
as implemented in the Transsiesta code >*.

In aferromagnetic nanoribbon, in which the two spin chan-
nels are different and not mixed on the length scale compa-
rable to the nanoribbon length, spin effects become impor-
tant and have a significant impact on transport and thermo-
electric properties. Apart from the voltage AV, also a spin
voltage AVs can be then generated by a temperature gradi-
ent AT %8, Therefore, the conventional (charge) S as well as
spin S; thermopowers can beintroduced as Sc = —AV /AT and
S = —AVs/AT, respectively. Both S and Ss can be deter-
mined under the conditions that the charge | and spin | ¢ cur-
rentsare equal to zero. Then, inthelinear responseregime, the
conventional and spin thermopowers can be calculated from
the formulas?®

1
S = gy (Lar/Lor+Luu/Lay),
1
S =~ ggr (bur/tor —La/Lay), @

where Lng = —# [dET6(E) (E — u)" 9L with n=0,1,2. Here,
Ts(E) is the spin-dependent transmission function, f(E — u)
is the Fermi-Dirac distribution function corresponding to the
chemical potential u and temperature T (equal in both elec-
trodes in the linear response description). It should be men-
tioned that S; and Ss can be also determined in another way,
namely S; can be defined for | = 0 and AVs = 0, while S for
Is=0and AV = 028, Thetwo different definitions of S; and Ss
depend essentially on experimental conditions. In the former
definition the thermally-induced voltages AV and AV are de-
termined for zero charge and spin currents, while in the latter
case some spin (charge) current can generally flow when mea-
suring AV (AVs). In the following we will use the definitions
(1) for S and Ss.

The electrical conductance of the spin-o channel is deter-
mined by the kinetic coefficient Loy as Gy = €?Log, Whilethe
electronic contribution ke to the thermal conductanceis given
by

1 L2,
=13 (- 2). @
Accordingly, the conventional and spin thermoelectric effi-
ciency can be defined as®

2(Gr+G)T 21Gr — G |T
77, - & T: DA | TK T
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where k = ke + Kph iSto thetotal thermal conductance, which
includes both electronic ke and phonon k, contributions.

2.2 Results

As aready mentioned above, at ambient conditions the zSiC-
NRs of 2H-1H type can be stable. Calculations performed for
nanoribbons containing N = 6 zigzag chains show that such
nanoribbons are ferromagnetic in the ground state, with mag-
netic moments localized mainly on the C edge atoms and on
the C atoms adjacent to the Si edge sites. It isinteresting that
the Si edge atoms do not posses magnetic moments, see Fig. 1.

e
aaooooa
S

%ﬁ.

Fig. 1 (Color online) Spin density distribution in the ferromagnetic
ground state, calculated for the zZSICNR of 2H-1H type. One H atom
is attached to each C edge atom while two H atoms are attached to
each Si edge atom. Black and grey dots represent magnetic
moments of opposite orientations.

Energy of the nanoribbon part presented in Fig. 1in the fer-
romagnetic state is lower by 0.009 eV than the energy in the
corresponding ferrimagnetic state (in which the edge moments
are antiparallel but not fully compensated). In turn, energy of
the corresponding nonmagnetic state is much higher. As the
ferromagnetic configuration can be easily stabilized by an ex-
ternal magnetic field or by the proximity effect, in the follow-
ing we consider only this configuration as the most stable one.
The spin-dependent band structure and the transmission func-
tion T (E), calculated within GGA with the use of the PBE
potential are presented in Fig. 2. Similar results were also
obtained using the LY P potential. Results obtained by other
authors are consistent with those in Fig. 247, which indicates
that they are reliable and can be considered as a good base for
discussion of the transport properties of zZSICNRs. As follows
from Fig. 2, the system is aferromagnetic semiconductor with
anarrow gap, smaller than 0.1 eV, which opensin the vicinity
of the Fermi energy Er in the spin-down channel, whereas a
very wide gap appears in the spin-up channel. Accordingly,
transport properties of the system for chemical potentials near
Er (corresponding to u=0) is fully determined by the carri-
ersin the spin-down channel, especially by electrons from the
flat band lying just above the Fermi level. This band leads

Physical Chemistry Chemical Physics
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Fig. 2 (Color online) Spin-resolved band structure (a) and the
transmission function (b), calculated for azSICNR of 2H-1H type
with N=6 zigzag chains.

to high transmission function T, for energies slightly above
Er. Below the Fermi energy, T, is flat in a relatively wide
energy region. On the other hand, the spin-up channel is non-
conductivein awide energy region below and aboveEfr, as T,
is there roughly equal to zero. Such a behavior has a strong
influence on electric and thermoel ectric properties of the rib-
bon. As presented in Fig. 3, in a wide range of the chemical
potential u below and above the Fermi energy, the electrical
conductance is dominated by the spin-down carriers and ex-
hibits almost 100% spin polarization.

2.5
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Fig. 3 (Color online) Spin-resolved electrical conductance Gy (Gup

for the spin-up and Gy, for the spin-down channels) calculated for
the zSICNR with N = 6 zigzag chains and for T = 90K.
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Fig. 4 (Color online) Electronic contribution, ke, to the thermal conductance of the 2H-1H zSICNR, calculated for N = 6 and for T = 90K (a)
and T = 300K (b). Similar data for graphene (G) and silicene (Si) nanoribbons are also shown for comparison.

The spin-up channel contributesto the conductancefor neg-
ative i, below -0.3 V. Thisregion, however, islessimportant,
asitisdifficult to be achieved. Therefore, the system can work
as a very efficient spin filter in the semiconducting transport
regime, contrary to the well-known half-metallic spin filters.
Thus, the system may be interesting for applications in spe-
cific spintronic devices. The narrow energy gap near Eg can
be well visible at low temperatures in both the electrical con-
ductance G (Fig. 3) and in the electronic contribution ke to the
thermal conductance (Fig. 4a).

One should also note that both electrical and thermal con-
ductances are practically constant in a wide range of negative
u, which corresponds to flat transmission in the conductive
spin-down channel and blocked spin-up channel. The thermal
conductance ke considerably increases for large negative .,
where the spin-up channel becomes active and contributes to
the conductance. The thermal conductance also strongly in-
creases with temperature, compare Fig. 4a) and Fig. 4b). It
is interesting to note, that despite the energy gap in the vicin-
ity of the Fermi energy, ke is enhanced and exhibits there a
local maximum, which can be related to a rapid increase in
transmission near the edges of the gap in the spin-down chan-
nel and to a thermal smearing of the Fermi-Dirac distribution
function. Note, the peak in thermal conductance appears de-
spite of the lack of such a peak in the electrical conductance.
Thisis due to the fact, that the contributions to electrical cur-
rent from electrons and holes almost compensate at this point,
while the electron and hole contributions to the heat current
add then constructively. For higher values of u, the thermal
conductance is practically constant and much lower as the
transmission in the spin-down channel is reduced. Further-
more, ke Smoothly decreases, when the very wide energy gap
is approached.

Thevery steep changesin transmission near the low-energy

edge of the gap in the spin-up channel (1 < 0) generate ahigh
thermopower, whose maximum appears at a distance of sev-
era KT from the gap edge, see Fig. 5a) and Fig. 5¢). Since the
main contribution originates from the spin-up holes, both con-
ventional S; and spin Ss thermopowers are positive and both
are practically equal. The transmission T isflat near the edge
of spin-up gap, so thereis no contribution from the spin-down
channel. A strong enhancement of the thermopower can be
also observed for p > 0, in the vicinity of ©=0.4 V. Now,
S and S; have opposite signs, which indicates that the ther-
mopower is due to rapid changes in the transmission T, near
the edge of the energy gap. The spin-up channel is then non-
conductive with T; = 0, so it does not contribute to the ther-
mopower. Additional structure can be also observedin aclose
vicinity of Eg, which correspondsto changesin the spin-down
transmission due to the narrow energy gap in this channel.
However, since the gap is very narrow, the peaks are much
lower as positive and negative contributions due to holes and
electrons partially compensate each other. High values of the
thermopower can be observed only when both contributions
are well separated and this requires relatively wide gaps or
low temperatures.

Figures 5b) and 5d) present the conventional and spin ther-
mopowers, calculated for the room temperature. Due to a
considerable broadening of the Fermi-Dirac distribution func-
tion, the peaks in thermopowers S; and S; are strongly broad-
ened and the main peak is shifted towards higher values of the
chemical potential. Since the energy gap in the spin-up chan-
nel isvery wide and exceeds 2.5 eV, thereis no contribution to
& and S; from electrons in the conduction band, even at high
temperatures.”

« To avoid artificial enhancement of the thermopower for u in the wide energy
gap, we set S= 0in those regions where the denominator in formulae (1) was

4| Journal Name, 2010, [vol] 1-11

This journal is © The Royal Society of Chemistry [year]

Page 4 of 11



Page 5 of 11

1200
800

400 [

S [ VIK]

-400

-800

-1200
-1 -0.5 0 0.5 1

1200 ¢

800 r

400 r

S [ VIK]

-400

-800 r

©)

-1200 | ‘ ‘ ‘
-1 05 0 0.5 1
ulev]

Physical Chemistry Chemical Physics

1000 r

500

Sc [n VIK]

500 [

-1000 b)

-1 -0.5 0 0.5 1

1000 r

500

Ss [n VIK]

-500

-1000 d)

-1 0.5 0 05 1
ulev]

Fig. 5 (Color online) Charge, S¢, and spin, S, thermopowers calculated for the N = 6 zSICNR of 2H-1H typeat T = 90K (a,c) and T = 300K
(b,d). The corresponding data for graphene (G) and silicene (Si) nanoribbons are aso shown for comparison.

3  Phonon heat conductance

Numerical calculations of the phonon contribution to the
heat conductance were performed with the fast semiempiri-
cal molecular orbital package MOPAC“849, The geometries
of nanoribbons were optimized with the PM7 semiempiri-
cal Hamiltonian® in the restricted Hartree-Fock (RHF) ap-
proximation using the eigenfollowing (EF) procedure. The
geometry convergence criteria for the gradient norm was
0.1 kcal/mol/A.  The heat of formation of the obtained
structures was stationary. The mass-weighted hessian matrix
of second derivatives of energy with respect to atomic dis-
placements from stationary positions was determined by the
MOPAC FORCE calculations.

The phonon band structure was determined by the clus-
ter method®! (also called direct method). The large unit
cell (LUC) consisting of 7 elementary unit cells of a zigzag
nanoribbon was utilized. The LUC must be large enough, be-
cause the atomic orbitals of the center unit cell (CUC) should

smaller than the error of integration method used to calculate Ly .

not significantly overlap with those at the end of the cluster. A
single I"-point FORCE calculation utilizing Born-von Karman
condition for the LUC is sufficient to determine the phonon
band structure. The phonon frequencies were obtained from
the eigenvalues of the Fourier transform of the submatrices of
mass-weighted hessian matrix, describing the elastic interac-
tion of CUC with other cellsin the cluster.

An example of the phonon-band structure for the N = 7
ZSICNR is presented in Fig. 6, together with the respective
phonon transmission function Tp,. Two high-frequency bands
around v = 2000 cm~*, which result mainly from vibrations
of the hydrogen atoms, are not presented in Fig. 6, as they do
not influence the phonon thermal conductance.

In the linear-response approximation, the phonon conduc-
tance kpn can be obtained from the phonon transmission Ty,
by the following formula

7 of
Kpn = h / O Ton(@) 54“’)
0

do, (@]

where fg isthe Bose-Einstein distribution for thermal phonons

This journal is © The Royal Society of Chemistry [year]
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Fig. 6 Phonon band structure and phonon transmission function for the SiC zigzag nanorribon with N = 7.

at temperature T. Equation (4) may be expressed as integral

over phonon energy € = hw in electronvolts, multiplied by the
combination of physical constants ek/h = 3.3384-10°. The
phonon conductance expressed in nanowatts per Kelvin can be
then calculated from the formula

Ko [MW/K] = 3.3384- (k‘l’i)z O/ eZTph(g)(i_ de.
®)

Figure 7 presents the phonon thermal conductance as a func-
tion of the nanoribbon width of zSICNRs, determined from
the formula (5). This figure shows that the dependence on the
nanoribbon width is approximately linear, and that the heat
conductance increases with temperature.

3.1 Comparison with the force constants model

In order to test validity of the results obtained from the
MOPAC calculations for a new material such as silicon car-
bide nanoribbons, we compared the phonon thermal conduc-
tance for zigzag graphene nanoribbons (ZGNRs) determined
by MOPAC with the results from the well-established fourth
nearest neigbours force constants model (4NNFC) %2,

In the MOPAC calculations, the geometries of zGNRs
were optimized with the same convergence criteriaas for SIC
nanoribbons. All zGNRs were hydrogenated, with two hy-
drogen atoms per unit cell. The 4NNFC is a topological

2.0 1 T=100 K —— r
T=200 K - .
— T=300 K e -
T 15 - . L
= e
= = T
< 104 e F
o e .
05 | // »
0.0

Fig. 7 Phonon thermal conductance of the SiC zigzag nanoribbons
as afunction of the number of zigzag chains, N. Different curves
correspond to indicated temperatures.

model. The force constants depend only on the order of neigh-
bors, and not on the exact position of the atoms, which are
assumed to be aready in the equilibrium positions. There-
fore, the geometry optimization is unnecessary. Interactions
up to the fourth neighbors require two-adjacent unitary cells
in the construction of the dynamical matrix. Diagonalization
of the resulting dynamical matrix yields frequencies of the vi-
brations, which depend on the one-dimensional wave-vector,
0 < k < m/a, where a is the length of the nanoribbon’s unit

6| Journal Name, 2010, [vol]1-11
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Fig. 8 Phonon band structure (left) and transmission function (right) for the N = 6 zGNR, determined by the MOPAC program and from the

4ANNFC model.
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Fig. 9 Phonon thermal conductance ki, of zigzag graphene
nanoribbons as a function of of number N of zigzag chains,
determined by the MOPAC program and from the 4NNFC model for
indicated temperatures.

Figure 8 presents the phonon band structure and the corre-
sponding transmission function of theN = 6 zGNR, calculated
by the MOPAC program and from the 4ANNFC model. The
general structure of the bandsis similar, except an overal dif-
ferencein energy scale factors. All the bands predicted by the

4ANNFC mode! are below 1600 cm 1. This may be explained
by the fact that the ANNFC model does not take into account
the hydrogen bonds at the nanoribbons’ edges.

Figure 9 presents the phonon thermal conductance k p, asa
function of zGNR’s width and temperature. For low tempera-
ture, T = 100 K, the results obtained by both methods are in
excellent agreement. For higher temperature, T = 200 K, the
difference for wider zGNRs is about 15 %, while for higher
temperature, T = 300 K, the difference for N = 8 zGNR is
about 20 %. The semiempirical PM7 method contained in
the MOPAC program is based on the Hartree-Fock approxi-
mation to the quantum many-electron problem. In contrast,
the 4ANNFC model is based on a simple classical-mechanics
description of the chemical bonds as coupled harmonic oscil-
lators. In view of the fundamental difference between both
methods, the maximum difference of 20 % seems acceptable.
We consider thethermal conductance of zGNRs obtained from
the MOPAC, and therefore also that of zZSICNRSs, asreliable.

4 Thermoelectric efficiency of zSICNRs of 2H-
1H type

The conventional ZT. and spin ZTs thermoelectric efficiency
of zZSICNRs have been calculated according to the formulae
(3). The phonon contribution to the total thermal conductance

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [voll, 1-11 |7



Physical Chemistry Chemical Physics

plays an important role and affects the final values of ZT. and
ZTs. The phonon contribution for free-standing nanoribbons
was calculated in the previous section within the MOPAC ap-
proach. On the basis of the analysis presented there, one may
conclude that the calculated xp, can be somewhat underes-
timated, especialy at high temperatures. On the other side,
the phonon conductance can be modified by the presence of
substrate, defects, and the edge roughness, which were not
taken into account in our calculations. Therefore, we estimate
the efficiency by assuming kpn can vary from x; = K%OPAC
to Ky = ZK%OPAC (so we admit that the calculated value of
the phonon conductance using MOPAC procedure can be un-
derestimated up to a factor of 2). The results obtained for
ZT. and ZTs as a function of the chemical potential are pre-
sented in Fig. 10 for two different temperatures, T = 90K and
T = 300K.

For each temperature two curves are presented, one (the
solid line) corresponding to the phonon contribution x; and
the second one (the dashed line) corresponding to k». Accord-
ingly, the efficiency can take values from the regions limited
by solid and dashed lines. It isinteresting that in any case both
conventional and spin thermoel ectric efficiencies are strongly
enhanced, even though the contribution to «k p, can be overes-
timated when x> is used, especially at low temperatures.

The presented results clearly show that the phonon conduc-
tance rather strongly influences the thermoel ectric efficiency,
but the effect is not so crucial as in graphene nanoribbons. 1t
is mainly due to afact that the electron thermal conductance
in zSICNRs is relatively high — it is higher than in similar
asymmetric zGNRs and zSiNRs (Fig. 4). At low tempera-
tures (T = 90K) both ZT; and ZTs exhibit a very well pro-
nounced peak in the vicinity of u=-0.2 eV. This peak corre-
sponds to the maximum in S; and S, and comes from the
rapid decrease in the spin-up transmission. With increasing
temperature, this maximum shifts towards higher energies and
becomeswider. Accordingly, zSICNRs asymmetrically termi-
nated with hydrogen, which have a wide energy gap in one
spin channel, exhibit high thermoel ectric efficiency, and there-
fore are promising for applications in nanodevices for energy
conversion at nanoscale.

5 Comparison of thermoelectric efficiency of C
and Si based nanoribbons

Sincethe thermoel ectric phenomenain graphene (zGNRs) and
silicene (zSINRs) nanoribbons have been widely studied, we
find it instructive to discuss and compare the results obtained
for these structures with the results for zZSICNRs. Only sys-
tems asymmetrically terminated with hydrogen atoms of the
2H-1H type are considered. Ab-initio calculations show that
the ground state of these structuresis semiconducting with fer-

romagnetic ordering of magnetic moments. The energy of the
non-magnetic state is relatively high, higher than the thermal
energy at room temperature. Therefore, we consider ferro-
magnetic ribbonsonly. In any case, this state can be stabilized
by an external magnetic field. The calculated thermoel ectric
efficiency at low (90K) and room temperatures is depicted in
Fig. 11 for all the structures under consideration.

The phonon conductance, which has a significant influence
on the thermoel ectric efficiency, was calculated as a function
of temperature in our earlier papers for graphene* and sil-
icene!® nanoribbons within the 4NNFC approach. As dis-
cussed in sec. 3 of the present paper, in the case of zGNRs
this conductanceis higher than that determined with the use of
MOPAC procedure, especially at room temperature (Fig. 9).
Therefore, one can assume that the 4ANNFC method, which
is commonly used, at least for zGNRs, gives more reliable
results than the MOPAC one, and we calculate thermoel ec-
tric efficiency with xp, determined using this approach. The
low temperature ZT. and ZTs for zZSINRs of 2H-1H type were
aready presented in our earlier paper %, but it seems to be
instructive to compare here the results for all systems. The
thermoelectric efficiency of zSINRs decreases with increas-
ing temperature, though the contributions to thermal conduc-
tance due to electrons, ke (Fig. 4b), and due to phonons'® are
relatively low. Note, that in the region of small |u|, ke cal-
culated for zSINRs is much lower than the one obtained for
zSiCNRs. The reduced efficiency in zSINRs results from the
fact that the thermopower decreases with increasing tempera-
ture. According to Fig. 5, both S; and S in zSINRs achieve
at room temperature lower valuesthan at T = 90K, especialy
themain central peak in S is considerably reduced and broad-
ened. Dueto relatively narrow energy gapsin the spin-up and
spin-down channels, both holes and el ectrons contribute to the
thermopower, but with opposite signs, so at higher tempera-
tures these contributions partially cancel °. Then, S oscil-
lates with the chemical potential, taking relatively small val-
ues (Fig. 5). Inturn, the spin thermopower S achieves slightly
higher valuesin the vicinity of the Fermi energy, as the contri-
butions from the spin-up holes partially overlap with the con-
tributions from the spin-down electrons. All these changesin
S and Ssinfluence ZT; and ZTs, and reduce the thermoel ectric
efficiency (Fig. 11). However, the efficiency is still relatively
high at room temperature.

Very interesting results are obtained for ZGNRs asymmetri-
cally terminated with hydrogen. Our calculations show that
2H-1H zGNRs can exhibit ferromagnetic ordering, even at
high temperatures. It should be noted that both ZT. and ZTs
are remarkably enhanced at room temperature, despite of high
phonon thermal conductance (Fig. 11). On the other hand,
negligibly small efficiency is obtained at 90K. This behavior
directly results from a peculiar band structure of the 2H-1H
ZGNRs, which reveas the presence of two flat bands — one
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Fig. 10 (Color online) Conventional, Z T, and spin ZTs, thermoelectric efficiency in the N = 6 zZSICNRs of 2H-1H type, calculated for
T =90K and T = 300K and for two different phonon conductances (see the text).
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Fig. 11 (Color online) Conventional, Z T, and spin ZTs, thermoel ectric efficiency, calculated for N = 6 zSiNRs () and N = 6 zGNRs (b) of

2H-1H typefor T = 90K and T = 300K.

below (spin-up channel) and one above (spin-down channel)
the Fermi level —which are separated by arelatively wide gap
of the order of 0.7 eV. Moreover, wide gaps of the order of 1.5
eV occur both in the spin-up and spin-down channels. Pres-
ence of these gaps has a strong influence on the transmission
function, and therefore also on the conductance and thermo-
electric properties. The thermal conductance due to electrons
is relatively low, even at room temperature, and a wide gap
between the two flat bands is well visible in the vicinity of
the Fermi level (Fig. 4a,b). The presence of wide energy gap,
bothin the spin-up and spin-down channel s, strongly enhances
the spin-up and spin-down thermopowers, as the contributions
due to holes and electrons in both spin channels do not com-
pensate each other, and finally, S; and S; increase consider-
ably. Accordingly, a remarkable increase of the thermoelec-
tric efficiency (Fig. 11) in the 2H-1H zGNRs can be observed

at room temperature, despite the phonon conductance is then
quite large. However, relatively large changes in the chemical
potential would be required to achieve the high efficiency.

6 Summary and conclusions

We have studied asymmetrically hydrogenated zigzag SiC
nanoribbons of the 2H-1H type, with ferromagnetic ordering
of the edge magnetic moments. The achieved numerical re-
sults reveal a remarkable spin thermoelectric phenomena at
low and room temperatures. The considerable enhancement
of the thermopower results from a peculiar band structure of
the nanoribbons, with a wide energy gap in one of the spin
channels, which leads to steep changes in transmission at the
low-energy edge of the gap. The main contribution to the
thermopower comes then from the holes in this spin channel.

This journal is © The Royal Society of Chemistry [year]
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Following this, also a remarkable increase of the thermoelec-
tric efficiency can be expected. Moreover, zSICNRs of 2H-1H
type exhibit 100% spin polarization of electric current for cer-
tain regions of chemical potential. Thus, they can work as
very efficient spin filters, which makes them interesting for
application in spintronics devices.

The results have been compared with those obtained earlier
for zZSINRs and zGNRs of 2H-1H type. In zZSINRs with ferro-
magnetic ordering, both thermopower and thermoel ectric effi-
ciency are strongly suppressed at room temperature. Our cal-
culations show that in such nanoribbons, the electron and hole
contributions to the thermopower partialy cancel each other
at higher temperatures due to relatively narrow energy gapsin
both spin channels. Furthermore, our analysis shows that the
thermoelectric phenomena in zGNRs asymmetrically termi-
nated with hydrogen atoms can be enhanced at room temper-
ature. However, the corresponding peaks appear at relatively
high values of ||, and this region may be rather difficult to be
achieved.
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