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Using ab-initio numerical methods, we explore the spin-dependent transport and thermoelectric
properties of a spin-crossover molecule (i.e., iron complex of 2-(1H-pyrazol-1-yl)-6-(1H-tetrazole-
5-yl)pyridine) based nano-junction. We demonstrate a large magnetoresistance, efficient
conductance-switching, and spin-filter activity in this molecule-based two-terminal device. The
spin-crossover process also modulates the thermoelectric entities. It can efficiently switch the mag-
nitude as well as spin-polarization of the thermocurrent. We find that thermocurrent is changed by
~4 orders of magnitude upon spin-crossover. Moreover, it also substantially affects the thermo-
power and consequently, the device shows extremely efficient spin-crossover magnetothermopower
generation. Furthermore, by tuning the chemical potential of electrodes into a certain range, a pure
spin-thermopower can be achieved for the high-spin state. Finally, the reasonably large values of
figure-of-merit in the presence and absence of phonon demonstrate a large heat-to-voltage conver-
sion efficiency of the device. We believe that our study will pave an alternative way of tuning the
transport and thermoelectric properties through the spin-crossover process and can have potential
applications in generation of spin-dependent current, information storage, and processing. © 2015
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Recent discovery of several fascinating properties like
giant magnetoresistance,' spin-injection,” spin-filtration,®®
and negative differential resistance’® has attracted huge
research interest in the field of molecular spintronics.”"'
Contemporarily, these molecular devices are hugely explored
for their promising thermoelectric effects, i.e., ability of con-
verting heat to electrical power.'>'* Furthermore, successful
coupling of spintronics and thermoelectricity has introduced
another promising research-field, spin-caloritronics.'*'?

Although single molecular-magnets could be a good
choice for molecular spintronics, several disadvantages like
ultralow critical-temperature and poor structural stability limit
their usage.'®!” However, the usage of magnetically bistable,
spin-crossover (SCO) molecules would be another promising
way to tune the spin-states.'®2° Recent studies demonstrating
the SCO phenomenon in single molecular level also support
the possibility to realize single molecular switching devices in
recent future.”*>* Apart from the ground state, these mole-
cules have one or more metastable magnetic states which can
be accessible by applying different external stimuli.*®
Generally, these molecules contain first-row transition-metal
(TM) atom(s) with electronic configuration, 3d*-3d’ as the
spin center(s).”> However, low transition temperature of
temperature-induced SCO molecules, which are mostly
explored in literature, restrict their usage as room-temperature
switching devices.”* Interestingly, Schafer et al. have recently
synthesized a neutral iron complex using 2-(1H-pyrazol-1-yl)-
6-(1H-tetrazole-5-yl)pyridine (LH) ligand which shows a
sharp transition from the low-spin (LS, S=0) state to high-
spin (HS, S =2) state at room temperature.”* To explore the
conductance-switching and magnetoresistance properties of
this SCO molecule, in this letter we perform the state-of-art
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density functional theory (DFT) combining with non-
equilibrium Greens function (NEGF) based electron transport
calculations. Furthermore, we report an extraordinary thermo-
electric efficiency of this molecular junction.

As relative stability between LS and HS states of the
SCO-molecule highly depends on the choice of different
exchange-correlation functionals,”> we optimize the isolated
molecule using various exchange-correlation functionals to
find the appropriate functionals. We use General Gradient
Approximation and three hybrid functionals with different
amount/types of Hartree-Fock (HF) exchange-interactions, i.e.,
Becke three-parameter Lee-Yang-Parr hybrid (i.e., B3LYP)
(20% HF exchange),”**’” PBE0 (25% HF exchange),”® and
HSE06 (25% short-range HF exchange)™ as implemented in
Gaussian 09.°° Without imposing any symmetry constraints
during optimization, we find the stable molecular conforma-
tions in the LS and HS states, separately. As shown in Fig.
1(a), Fe atom, which stays at the center of a slightly distorted
octahedron, gets surrounded by two identical tridentate ligands,
2-(pyrazol-1-yl)-6-(tetrazol-1-yl) pyridine. Like previous
reports,” spin-crossover from LS to HS prominently elongates
Fe-N bonds by 0.10-0.28 A due to the electron rearrangement
in e, orbitals (i.e., dx2_y2/dZ2) of Fe. Notably, none of the
hybrid functionals (i.e., BALYP, PBEO, and HSEQ06) is able to
determine the ground state spin-configuration accurately for
the present molecule. As these hybrid functionals overestimate
the exchange energy, they incorrectly stabilize the HS state of
the SCO molecule.”> Only GGA functionals predict LS as the
ground state where the energy gap between LS and HS states
is 1.51eV. Furthermore, within GGA functionals, the opti-
mized molecule in its LS state shows excellent agreement with
available experimental crystal data.”* Thus, we choose this

© 2015 AIP Publishing LLC
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FIG. 1. (a) The molecular structure of Fe(2-(1H-pyrazol-1-yl)-6-(1H-tetra-
zole-5-yl)pyridine), ([Fe(L),]). (b) Energy E for HS and LS states along X.
Energies are scaled to E at X =0. (c) Zero-bias spin-polarized transmission
spectra for HS (upper panel) and LS (lower panel) states as a function of
energy. (d) [V characteristics for HS and LS states. Is—V plot is shown in
the inset.

functionals for further investigations. Note that close structural
match between isolated molecule and its crystallographic data
also signifies that these molecules remain weakly packed due
to intermolecular -7 stacking in their crystalline form.

In Fig. 1(b), we plot the total energy as a function of
reaction coordinate, X. Here, X is varied from X=0 (LS
state) to X =1 (HS state). The LS state at X =0 appears
much more stable than that of HS state at X = 1, demonstrat-
ing the LS state as the ground state at 0 K. At X =0.66 where
the LS and HS states become almost degenerate in energy,
molecular spin-crossover occurs from LS to HS.

Now, we briefly explore the spin-dependent electron
transmission of the SCO molecule-based nano-device. This
molecule gets sandwiched between two (111) plane of gold
electrodes through sulfur ligands on either side. This two-
terminal device is named as electrode-molecule-electrode
(E-M-E) system. Using SIESTA package,31 we optimized
the geometry of E-M-E system. To calculate transmission
spectra, we have used NEGF methodology extended for
spin-polarized systems as implemented in TranSIESTA
package.’” Note that as the previous studies suggested that
transmission function of SCO-based molecular-junctions
has insignificant effects over electrode-molecule contact-
geometries, we exclude other energetically less stable con-
tact-structures. '

Although previous studies have shown the instability of
similar molecules upon deposition to electrode-surfaces,'®
[Fe(L),] almost retains its molecular structure even after
adsorption onto the gold electrodes. Most importantly, after
deposition, LS-HS energy separation of this molecule
becomes 1.22eV, which is slightly lesser than its gas-phase
value. As this large energy-gap cannot be closed by environ-
mental influences, we conclude that [Fe(L),] can exhibit
sharp spin-state switching in the modeled molecular device.
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Importantly, experimental study using X-ray absorption spec-
troscopy has already demonstrated temperature induced sharp
LS-HS transition for single SCO molecules on Au(111)
surface.”!

In Fig. 1(c), we explore the spin polarized zero-bias trans-
mission coefficient t(E) for both the spin states within the
energy window of —2eV to 2eV. Using Landauer—Biittiker
formalism,>® total conductance (G) at Fermi energy (Ep) can

be formulated as G = (%) > ,7e(EF), where 1,(Ep) is the
transmission coefficient for the spin channel ¢ at Eg. As reso-
nant transmission peaks near to Eg change quite distinctly
with the molecular phase-transition from LS to HS, we conse-
quently find a substantial increment in G. We can quantify the

change in G by calculating the magnetoresistance ratio,

defined as % Interestingly, the calculated zero-bias

magnetoresistance turns out to be ~100% at Eg which shows
a sharp conductance switching of this device upon spin-
crossover. We note that the electrical conductance through
[Fe(L),] can be switched on/off simply by tuning the molecu-
lar spin states in the spin-crossover process.

As can be seen from Fig. 1(c), for HS state, at and near
the Ep, minority-spins show prominent transmission peaks,
whereas majority-spins open up a transport gap of 2.1eV.
Thus, under a finite bias, the device can exhibit extremely
efficient spin-filter activity. We define spin polarization of
transmission (tss/Ls)) for a particular spin state as’

. _ ‘Tmin(EF) - I'maj(EF)|
SHS/LS Timin (EF) + Timaj (EF) ’

ey

where Tmin (Tmaj) is the transmission coefficient for the
minority-spin (majority-spin) channel. As transmission spec-
tra are completely spin-unpolarized and ~100% spin-
polarized for LS and HS states, respectively, 75 changes
sharply from 0% to ~100% upon spin-crossover. The rear-
rangement of electrons in 3d orbitals of Fe during LS to HS
transition abruptly changes the position of transport-active
channels near Ep, resulting in a sharp modification of zero-
bias transmission coefficient. Importantly, for HS state, only
minority-spin molecular orbitals strongly couple with the
electrode-states at and near Eg, resulting in ~100% spin-
polarization of transmission at that energy.

As real-world-devices work at a finite bias, we plot the
current (I)—source-drain voltage (Vgp) characteristics in Fig.
1(d). Here, the total-current is calculated by Landauer—
Biittiker formula™

e HR
Lus/Ls = (h) ZJ J Tons/Ls (E; Vsp)dE. 2

He

For V <0.2V, the Iys/I; 5 ratio reaches up to ~700, which
is quite high. Such a huge modification of current at low
bias during the spin-crossover exhibits the SCO-mediated
switching behavior. To demonstrate the spin-filter property
of HS state, we compute the spin resolved I—Vgp where
the minority-spin current reaches ~0.2 yA, while the
majority-spin component remains almost zero. To quantify
this, we calculate spin-resolved current (Ig) at a particular
voltage, V, as®
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|Imin (V) - Imaj (V)‘
(Imin(v) + Imaj(v)) ’

Is = 3)

where Liyinmaj)(V) denotes minority (majority) current. It can
be evidently seen that Ig remains ~100% up to 1.2V and
then reduces as the bias increases further (inset of Fig. 1(d)).

Simultaneous measurements of conductance and ther-
moelectric properties in E-M-E systems motivate us to dis-
cuss spin-dependent thermoelectric effects of the present
nanojunction.”*?*  The  thermocurrent induced by
temperature-difference in two electrodes is calculated by
using Landauer formula.®> The temperature difference is
denoted as Tsp = |Ts — Tp|, where Ts (Tp) is temperature of
source (drain) electrode. The thermocurrent reads as

Tnermos = Ejfa(E)[fs(Ts, E) - fo(To,E)JdE,  (4)

where fg (fp) is the Fermi distribution function for source
(drain). In the linear response regime, we formulate spin-

resolved Seebeck coefficient, S, = 5501;((?; ))

(T, ) =4 [ ©(E)(E — )" [~ O&f(E, 1, T)]dE (n=0, 1, 2),
T is temperature of the whole system, and u is chemical
potential of electrodes.’® To calculate the charge-Seebeck
coefficient (Sc), we wuse the total transmission, i.e.,
Tior = Zy T,, whereas the spin-polarized Seebeck (Sg) is
formulated as Sg= (Smaj — Smin)> Where Spajminy 1S majority

(minority)-spin Seebeck-coefficient.®” Further, we define the
ScGT
Ke+HKph’

where L,

figure-of-merit as ZT = where G is the charge conduct-

ance (i.e., G = |Lomaj + Lomin| and keqn is the electronic

(phonon) thermal conductance (i.e., k. = % (L2 — Ifi) )_38
Importantly, as several studies have proposed different
ways to suppress the i, to the thermopower in molecular
junctions,®*™ first we calculate Z°T neglecting this term.
However, later on, we also calculate thermoelectric figure-of-
merit, i.e., ZT, including phonon contribution. Note that as
molecular spin-crossover temperature is ~295K,>* we con-
sider the molecule with LS (HS) state when the average mo-
lecular temperature (i.e., Ti,o = (Ts + Tp)/2) remains <295 K
(>295K).

We now calculate the thermally induced -current
(Ithermo.us/Ls) for both spin-states as a function of Tg at dif-
ferent Tgp. Note that as maximum Tgp = 100K, molecule
can retain LS state up to Tg < 345K, above which it trans-
forms to HS state. Figs. 2(a) and 2(b) show that Iiermo ps 1S
several times higher than Iie;mo s. Below a certain threshold
Ts (Ty), i.e., ~160-280 K (depending on Tsp), Iihermo.Ls = 0.
Consequently, as shown in Fig. 2(c), at Ts~345K and
Tsp=100K (i.e., at Tc), thermocurrent can increase by ~4
orders of magnitude upon spin-crossover. Moreover, the 1,/
Logr ratio of Iipermo also reaches maximum of 10" (Fig. 2(c)).
These results demonstrate the molecular junction as a high-
performance-switching device. In fact, when Tgp >0, it
makes [fs(Ts, E) — fp(Tp, E)] # 0 and thermocurrent flows
only if Tmajmin(E) is finite at the applied temperature-
difference window. Moreover, Lijemo 1S proportional to the
area under the active transmission spectra. Now, as only HS
state has finite transmission probability at and around Ep,

Appl. Phys. Lett. 106, 193105 (2015)
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FIG. 2. Lipermo Verses Tg with various Tgp for (a) HS and (b) LS states; (c)
log(Isp) verses Tg plot with Tsp=100K; and (d) minority-spin current for
HS state verses Tg with Tgp = 100 K. The corresponding majority-spin cur-
rent is shown in the inset.

Iihermo.zs 18 much larger than Iiermors at spin-crossover
temperature and moderate Tsp. Additionally, for LS state,
Ts needs to cross Ty, to switch-on thermo-transport by acti-
vating the closest transmission peak (i.e., at —0.12eV).

Focusing on spin-polarized thermocurrent at HS state, as
only 7., is finite at and around Eg (Fig. 1(c)), applying a
very small temperature-difference we can obtain 100% spin-
polarized carrier transport through the molecular junction
(see Fig. 2(d) and the inset of it). Thus, the junction acts as a
pure spin-polarized current generator. On the other hand, as
the transmission function is spin-independent for LS state,
thermocurrent becomes spin unpolarized here. Thus, control-
ling the temperature of system, we can efficiently switch on/
off the spin polarization of the thermocurrent.

From Figs. 2(a) and 2(b), we note that (1) for both the
spin-states, the Ijermo increases with Tgp. Essentially, as Tgp
increases, more carriers become transport active, resulting in
a rise in the total current. (2) Ijpermo s reaches its maxima at
Ts~650K-700K and then decreases at higher Ts. In fact, at
smaller Ts, minority-spin holes mostly carry the current,
whereas electron-mediated current becomes significant at
higher T and as stated later, it counteracts with the hole-
current. Thus, the total Iiermons gets reduced for Ts > 650 K-
700 K. For LS state, as only hole-current gets generated within
the temperature range of 0 <Tg<345K, Iihermors keeps on
increasing with Tg (Fig. 2(b)).

Next, we investigate the relation between S, and chemi-
cal potential () of the electrodes. As Vgp =0, the chemical
potential of electrodes (i.e., 1, ir) is equal to the equilibrium
Er. Within linear response regime, we assume Tg~Tp
=350K (250K) for HS (LS) state and vary g as —1 <u<1.
As the spin-dependent transmission spectra strongly influence
the thermopower generation, this device exhibits an abrupt
change in Sc and Sg during spin-crossover of the molecule
(see Fig. 3(a)). Note that as electrons and holes (i.e., active
carriers for heat-conduction) move in opposite directions to
each other, one must break electron-hole symmetry to achieve
non-zero thermopower at a particular u. In other words, G(E)
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FIG. 3. (a) Scas) Ssws)> and Scs) and (b) Gegs), Gsasy, and Geqs) as a
function of u. Three distinct regions in (a) are separated by blue arrows. At
u~—0.41eV, values of Sc and Sg are pointed by blue circles. We consider
Ts~Tp=350K (250K) for HS (LS) state. (¢) Spj» Smin and (d) MPT for
HS state as a function of u.

around p must be asymmetric in nature. By tuning u, i.e.,
shifting the position of Er, we eventually modify the carrier-
types (i.e., electrons or holes). Note that if electrons (holes)
are the dominant carriers at Eg, thermopower becomes nega-
tive (positive). From Figs. 3(a)-3(c), we find that (1) wherever
G(E) is negligible or shows peak, thermopower is almost zero
due to the presence of electron-hole symmetry and (2) S
shows a finite value when finite conductance and electron-
hole asymmetry appear simultaneously. Moreover, we also
find a sign-change of thermopower wherever conductance
peaks appear. This occurrence is due to the fact that the
carrier-type changes sign as i crosses the peak position. As an
example, at ;1=0, Sc of HS state (Scus)) is —38 uV/K as
electrons are the dominant thermopower-carrier (see Fig.
3(a)). However, at u=—0.027eV, Eg reaches the peak of
Gcs)(E) where the electron-hole symmetry appears, result-
ing in Scms)~0 (see Figs. 3(a) and 3(b)). As we move to
higher negative u value, electron-hole symmetry breaks down
and holes become the dominant thermopower-carrier, making
the Scus) > 0. Notably, Scs) reaches the maximum value of
222 uV/K at u=—0.21eV where only holes are the active
carriers. At more negative u, electrons start contributing
again, resulting in the reduction of S¢(ys). (3) For the LS state,
as Tm,j and Ty, are identical, the G and thermopower (Sys)
are completely spin-independent. Interestingly, the charge
Seebeck coefficient for low-spin state, Sc(s), reaches a high
value of —484 uV/K at u=—0.84 eV due to sharp peak in the
conductance (see Figs. 3(a) and 3(b)).

Furthermore, Figs. 3(a) and 3(c) evidently show that one
can control the magnitude and direction of charge and spin-
thermopower to a great extent. In Figs. 3(a) and 3(c), we find
three distinct regions for HS state (shown by blue arrows in
Fig. 3(a)), (1) —0.02eV<u<1eV where Sc~—Sg and
minority-spin electrons carry the thermopower; (2) —0.59 eV
<u< —0.02eV, where Sc < Sg and both spin channels are
active; and (3) —1leV<u<—0.59eV, where Sc~Sg and
only majority-spin carry thermopower. The second region is

Appl. Phys. Lett. 106, 193105 (2015)

most important as Sg greatly exceeds Sc. In this region, ther-
mopower carried by majority-spin electrons and minority-
spin holes moves in opposite direction and gets collected in
different electrodes. It results in Sc to be small in magnitude,
while Sg becomes quite large. Particularly at p~ —0.41eV
where Sc=0 but Sq=—289 uV/K (see the blue circles in
Fig. 3(a)), we could achieve pure spin-thermopower without
any charge component. For the LS state, as S;g is spin-
independent, we find Sc =S5 and Sg=0. As the thermo-
power gets modified remarkably with the spin-crossover, we
quantify this change by defining magnetothermopower

(MPT)** as ggi“”‘& which is plotted in Fig. 3(d). We find

us)+ Scws)
that magnetothermopower is =~ *1 which explicitly demon-
strates the ability to tune the thermopower generation by
controlling the spin-state of the molecule.

Finally, we investigate the efficiency of this molecular
junction towards thermoelectric conversion. Here, figure-of-
merit shows an oscillating behavior as conductance and
thermopower are inversely correlated.*> Considering Kph =0,
tuning the u to —0.91eV at HS state results in the highest
value of 4.65 for Z°'T (Fig. 4(a)). At LS state, we find highest
Z°'T as 20, which is quite higher than HS state (see Fig. 4(b)).

Now, to include the phonon contribution to the thermal con-
ductance, we use the equation xp, = 3ico, where xo= 7%kp”T/3h,
i.e., the quantum of thermal conductance.*®*® The position of
peaks of ZT does not change even after inclusion of x, (see
Figs. 4(c) and 4(d)). However, the relative magnitude of them
gets modified largely for both the spin states. Importantly, the
absolute magnitude of ZT gets reduced due to phonon mediated
thermal conductance.

Following the work by Chapuis et al., we find that the
heat transfer due to near-field radiation is ~10°>°Wm *K '
for our system.*’ This quantity is quite negligible compared
to the electronic heat transfer through molecular junction
(~10° (10 Wm 2K ™! for HS (LS) states). Thus, we can
neglect the contribution of near-field radiative heat transfer
for the present study.

5 L L L] T T T
—_ ZelT [ — 7T -0.06
4H A
3 + 40.04
2 -
L J0.02
1 L -
~ (a) ©]
Q0 : . : . . : 0]
20} .
— 97 L — 7T 40.04
15H g
101 1 J0.02
5 K -
0 L L L (b) L L L (d) 0

-1 -0.5 0 0.5 -0.5 0 0.5 1

-1
u(ev)
FIG. 4. Z°'T for (a) HS and (b) LS states; ZT for (c) HS and (d) LS states.
We consider Ts =~ Tp =350K (250K) for HS (LS) state. Note that the posi-

tion of peaks does not change with inclusion of phonon contribution. But rel-
ative peak-values do change.
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In conclusion, we have discussed configurational changes
and stability of different spin states during spin-crossover pro-
cess. Upon spin-crossover, we surmise a huge modulation in
electronic and thermoelectric entities. The theoretical predic-
tion of extraordinary efficiency of conductance-switching,
spin-filter, magnetoresistance, and heat-to-voltage conversion
of this SCO molecule based junction will certainly make our
study more impact in the field of spin caloritronics.

S.K.P. acknowledges research support from the CSIR
and DST, Government of India.
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