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Transient dynamics of magnetic Co|Graphene systems

Bin Wang,” Jianwei Li, Fuming Xu,” Yadong Wei,** Jian Wang,*” and Hong Guo ¢

We report the investigation of response time of spin resolved electron traversing through a magnetic Co|Graphene nano-device.
For this purpose, we calculate the transient current under step-like upward pulse for this system from first principles using non-
equilibrium Green’s function (NEGF) formalism within the framework of density functional theory (DFT). In the absence of
dephasing mechanisms, transient current shows a damped oscillatory behavior. The turn on time of the magnetic Co|Graphene
nano-device is found to be round 5~20 femtoseconds, while the relaxation time can reach several picoseconds due to the damped
oscillation of transient current for both majority spin and minority spin. The response time is determined by the resonant states
below the Fermi level, but does not depend on the chirality of graphene and the amplitude of pulse bias. Each resonant state
contributes to the damped oscillation of transient current with the same frequency and different decay rates. The frequency of
the oscillation is the half of the pulse bias and the decay rate equals to the life time of the corresponding resonant state. When
the inelastic phase-relaxing scattering is considered, the long time oscillatory behavior of transient current is suppressed and the

relaxation time is reduced to hundreds of femtoseconds.

1 Introduction

Response time is one of the most important indicators to eval-
uate the performance of high frequency nanoscale electronic
devices. '™ The most natural method to obtain the response
time is to measure or calculate the transient current versus a
sudden change of external bias. There are two typical intrin-
sic time scales to describe the current response, i.e. , the turn
on time and the relaxation time.> The former is the time to
reach the maximum current and the later measures how long
the current relax to the steady state. Normally, the relaxation
time is much longer than the turn on time in nanoscale systems
due to the complicated quantum scattering. Several theoreti-
cal methods have been proposed to investigate the transient
transport properties in nanoscales, including the real-time evo-
lution of scattering wave function, %7 non-equilibrium Green’s
function (NEGF) methods, 3! NEGF within complex absorb-
ing potentials. !5 Since quantum transport in realistic atomic
devices is critically determined by its material property and
contact geometry between device and leads, first principles
investigation is necessary. To capture information of atomic
details, time-dependent transport theories within the frame-
work of density functional theory (DFT) have been proposed
and applied to many simple atomic junctions, such as carbon
wires, Al —C — Al and Al — DTB — Al."3'7 So far, the spin re-
solved transient dynamics in realistic magnetic electronic de-
vice has not been studied. Given the important of quantum
transport in spintronic devices, it is timely to address this is-
sue.
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As a typical two dimensional material, graphene has re-
ceived increasing attention due to its distinctive electronic a..
mechanical properties. 828 The weak spin-orbit interactic-
accompanied by long spin coherent length makes graphene a
promising material for emerging spintronics.?! Magnetism in
graphene can be induced by ferromagnetic contacts,?>?? lo-
calized dopants and defects,?* or aryl radicals functionaliza-
tion,? which has been investigated extensively both theoret-
ically and experimentally. Recent experiments claimed that
novel spin resolve phenomena are observed in graphene wi._.
modified surface by molecular beam epitaxy.2® Spin-polarized
transport and spin precession have been demonstrated at room
temperature in graphene connected by ferromagnetic elec-
trodes, where the polarity of spin current can be adjusted by
the gate voltage and magnetic field?’-*®. Moreover, the carrier
mobility in graphene is found extremely large, '3!° showing
a promising potential in ultra-fast charge transfer applications
for graphene systems. Recently, graphene based field effect
transistor with intrinsic cut-off frequency upon to 300 GHz
has been fabricated making it a basic building block for futt
nanoelectronics.! It is the purpose of this paper to study the
transient dynamics of graphene based devices.

To investigate spin resolved transient transport process ir
graphene nano-device, it is essential to construct a prototypi-
cal spintronic device with efficient spin injection. For this pur-
pose, we study transport properties of a graphene based mag-
netic nano-device that is similar to the one used in Ref.[27],
where a 2D graphene sheet is sandwiched between two mag-
netic metals to realize the spin injection. It has been proved
that the device has large spin efficiency up to 80% and is ¢
perfect spin filter.?” In this paper, the spin resolved transient
current is calculated using first principles method to examine
the response time in such magnetic structures. We wish to ad-
dress following questions in magnetic graphene systems: 1)
How long is the response time of spin polarized current to a
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sudden switch-on of external pulse? 2) How does the response
time depend on the magnitude of pulse bias and other param-
eters? 3) Does the chirality of graphene influence the current
response? 4) What is the effect of phase-relaxation scattering
on the response time?

First principles transient calculations are known to be ex-
tremely time consuming due to the fact that the time required
to simulate transient current versus time T scales as 77 if the
wideband approximation is not used.%”-!7 Linear scaling in T
can be achieved if one uses complex absorbing potentials to re-
place the semi-infinite leads, reducing the computational com-
plexity significantly. %> This state-of-the-art method makes
first principles transient current calculation for realistic quasi-
one dimensional molecular junctions feasible.!> For two di-
mensional nano-devices, however, it is very difficult to cal-
culate transient current from first principles, even using high
performance supercomputer combined with the state-of-the-
art method. This is due to the fact that for 2D systems many k
points has to be sampled in the first Brillouin zone in order to
achieve the convergence in calculating transient current. For
the graphene based magnetic nano-device studied here, it was
found that more than 500 & points has to be used for the con-
vergence of transient current making the computational time
500 times longer. To cope with this problem, we have used
an approximate method which is based on the exact solution
of transient current.® This method goes beyond the wideband
approximation and has been fully tested.'® For instance, for
a quantum dot system with energy dependent self-energy due
to the leads, an exact solution exists for the transient current.
The transient current obtained from the approximated method
agrees with that of the exact solution. The advantage of this
approximated method is that it is numerically much faster and
can be used for first principles transient calculation of 2D sys-
tems. Using this method we have calculated the transient cur-
rent for 2D magnetic graphene systems from first principles.
Damped oscillatory behaviors were observed for transient cur-
rent. It was found that the long relaxation time for the transient
current is due to the resonant states with long life time. In ad-
dition, the chirality of graphene and the amplitude of sudden
change of bias voltage do not affect the relaxation time of the
system. In the presence of dephasing mechanism, the relax-
ation time is suppressed from several pico-seconds to a few
hundreds of femo-seconds.

This paper is organized as follows. In Sec.II, the theoretical
NEGF-DFT formalism for calculating the inelastic transient
currents under a step-like upward pulse is introduced which is
based on the exact solution of NEGF theory. In Sec.III, the
dynamic transport properties obtained from first principles are
presented for two different magnetic graphene nano-devices.
As a comparison, steady state transport properties are also an-
alyzed. Finally, a summary is given in Sec.IV.

2 Theoretical formalism

According to the exact solution from NEGF theory, the trai.

sient current under an external upward pulse can be expressed

as follows??,

Jale) = 2Re [ T gy (r.6.) 0

with

Sa=Aalt, e EG (6) + Y Ap(t. e, KI5 (€) Fplt,e.k). 0
B

Here Z;,"{O(e) = ilgi(€ — qva) fu(€) is the lesser self-energy
of the device which describes the coupling between lead o
and the scattering region at energy € and wave vector k; Iz
is the line-width function of lead a at wave vector k; f(€)
is the Fermi distribution function of lead &, which is equal tc
1 below the Fermi level (Er — gvy) and zero above the Fer*
level at zero temperature. Aq(, €,k) and Fgq(t, €,k) are func-
tionals of time-dependent Green’s functions which descri
the system information and transport details; k is wave vector
sampled in the first Brillouin zone of the device due to the pe~
odicity perpendicular to the transport direction. The first term.
of the right-hand side of Eq.(2) describes the current flowing
from lead « into the central scattering region while the seconc
term represents the reverse process. Due to the lesser self-
energy Z;,’(O(s) in Eq.(2), we see that the integration range in
Eq.(1) is determined by the Fermi distribution function fy(€)
and is from —oo to EF — gvq. Therefore, the transient current
is contributed by all the energies below the Fermi level. This
is very different from the DC current where only the energy
window from Er — qvq to EF is integrated.

For an upward step-like pulse, Aq(t,€,k) and Fgq(t,€,k)
can be obtained by the following equations which is beyond
the wide-band limit'®,

Aa(t,87k) :Ala(t,87k)+A2a(t,8,k) (M:
with
pl(E—EN+ava)t
Ag(t,e,k) = Y ————— WO {eY
ta( ) ;e—e}?k—i—iOJf | Vi) (Dt
1 _ei(&‘f&‘nk+qva)f
Axg(t,€,k) = 4
206(7 ) ) ;gisnk+an+i0+‘Wnk><¢nk‘ ( )
and

[Fap(t,e,k)]" = 2;;’(;1(8)14111 +ZZ§(,){(8 —qvg+qva)Asa.  (5)

Here, v is the bias voltage of lead o and Zgg(s) (y=ra,<
,>) is the self-energy of lead « in the equilibrium; [y9), |@,)
are the nth eigenstates and Er(t)k is the corresponding eigenvalue
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of the system in the equilibrium; | Wt ), | @) are the nth eigen-
states and &, is the nth eigenvalue of the system under non-
equilibrium state. Eq.(1)-Eq.(5) form the complete set of for-
mulae to describe the transient current in nanoscale systems
for a step like upward pulse and can be implemented within
the framework of density functional theory. The detailed dis-
cussion of this transient dynamic theory can be found in Ref.[
16].

In the presence of ac field, the displacement current J¢ due
to the charge pileup inside the scattering region has to be con-
sidered in order to maintain the current conservation.3 The
displacement current J¢ can be taken into account using the
current partition method3!, from which we find that the to-
tal current Iy is given by Iy = (Jo —Jg)/2 which satisfies
the current conservation.3> We emphasize that this theoretical
scheme of NEGF-DFT method is beyond the wideband ap-
proximation and recovers the expression of transient current
obtained by Wingreen et.al. in the wideband limit. 3>

Note that this transient dynamic theory is based on the non-
interacting model. However, when implementing the formal-
ism ( Eq.(1) to Eq.(5)) in first principles calculation, the in-
teractions are considered within DFT where electron-electron
interaction is treated on the Hartree level and the rest of the
interaction is put into the exchange-correlation term. This ap-
plies to both scattering region and lead regions. As a result,
the self-energy 22’2(8) due to the leads is also treated on the
mean field level. For the upward pulse, the initial state is the
equilibrium state with no bias on leads. Different exchange-
correlation functional will definitely give different equilibrium
potential landscape of the system and therefore different tran-
sient behavior.

3 Numerical results

To investigate spin resolved transient dynamics in graphene
nano-devices, a ferromagnetic contact is essential for spin-
polarized injection of electrons. Previous investigation indi-
cated that cobalt is a good candidate for ferromagnet-graphene
contact due to nearly perfect match of the lattice constants
between cobalt (111) surface and graphene.?? DC transport
properties of Co|Graphene nano-device has been investigated
and large spin efficiency ~80% was reported.?’ In this paper,
similar structures were built to explore the dynamic transport
properties of magnetic graphene systems. Fig.1 (a)-(c) show
schematic views of the Co|Graphene device, where a graphene
sheet is on top of the cobalt (111) surface. Considering of the
huge computational cost in the dynamic transport calculation,
only three atomic layers of cobalt atoms were used to model
the interface of magnetic device.3* According to previous in-
vestigation, >?’ the carbon atoms in A-sublattice of graphene
should be located directly above the cobalt atoms and those in

X
© : top-site C © : hollow-site C Q00 :Co
Fig. 1 (Color online) Schematic structure of periodic Co|Graphene
system viewed along (a) x axis (b) y axis and (c) z axis, where a
graphene sheet is put on top of the cobalt (111) surface including
three atomic layers. In each panel, pink balls and yellow balls
indicate the top-site and the hollow-site carbon atoms, respectively.
Blue balls, green balls and grey balls indicate cobalt atoms in the
first, second and third atomic layer, respectively. (d) Co|ZG system
with Co|Graphene as the left lead and pristine graphene as the right
lead. The system extends to £oo periodically along x axis and
transport is along zigzag direction of graphene (y axis). (¢) Co|AG
system with Co|Graphene as the left lead and pristine graphene as
the right lead. The system extends to o periodically along y axis
and transport is along armchair direction of graphene (x axis).

B-sublattice should sit on the hollow sites (see Fig.1(c)). To
obtain the most stable geometry of Co|Graphene system, total
energy relaxation was done using VASP?> by fixing the C-C
bond length to 2.48 A and relaxing the distance between each
atomic layers until the force in each atom is less than 0.05
eV/A. 8x8x1 k points were sampled in the first Brillov" .
zone. The cut-off energy is set to be 250 Ryd and exchange-
correlation energy is treated at LSDA level.?® Fig.1 (d) and
(e) show the two-probe schematic structures of the magnetic
graphene nano-device, which consist of Co|Graphene as left
lead and pristine graphene as right lead. In Fig.1(d), the c.

vice is extended periodically along x axis and the current is
driven along y axis (zigzag direction). In Fig.1(e), the device
is extended periodically along y axis and the current is driven
along x axis (armchair direction). These two structures will be
hereafter referred to as Co|ZG and Co|AG, respectively.

The spin resolved quantum transport properties of Co|ZG
and Co|AG were investigated using the first principles pack-
age NanoDCal which is based on the standard NEGF-DFT
method.3™3 In this method, a linear combination of the
atomic orbitals is employed as basis set to solve the Kohn-
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Fig. 2 (Color online) Blue solid curves: spin polarized band
structures of periodic Co|Graphene interface for (a) majority spin
and (b) minority spin. Red dash curves: band structure of perfect
graphene. The red squares and green circles indicate the weight of
p. orbital of top-site C atoms and hollow-site C atoms, respectively.
The black up-triangles and pink down-triangles indicate the weight
of d» orbital and dyxy +d,>_,» orbitals of top-site Co atoms,
respectively. The horizontal black-dash lines describe the Fermi
level.

Sham equations numerically. The exchange-correlation is
treated at the LSDA level*® and a nonlocal norm-conserving
pseudopotential*’ is used to define the atomic core. In our
calculation, the NEGF-DFT self-consistency is carried out un-
til the numerical tolerance of Hamiltonian matrix is less than
10~%eV.

Fig.2 shows the spin polarized band structures of periodic
Co|Graphene system as shown in Fig.1(a). As a compari-
son, the band structure of pristine graphene is also shown (red
dash curves). Due to the strong coupling between cobalt sur-
face and graphene, the linear dispersion relationship of pris-
tine graphene at K point is destroyed for both majority spin
and minority spin. To examine the influence of cobalt sur-
face to the electronic structures of graphene quantitatively, the
weight of p, orbital of carbon atoms and d orbital of cobalt
atoms to each bands is superimposed in Fig.2(a) and Fig.2(b)
where the size of the symbol shows the weighting. Two spe-
cial features are observed. (i) The electron-hole symmetry of
pristine graphene is broken in the Co|Graphene system. For
majority spin, a local band gap is opened up at K point and
the Fermi velocity of spin polarized electron is decreased sig-
nificantly compared to that of the pristine graphene. The flat
valence band around K point indicates a vanishing velocity of
the hole. For minority spin, the effective mass of electron is
largely increased at K point and system shows metallic prop-
erties. (ii) The equivalence of A-B sites of pristine graphene
is destroyed. For pristine graphene, conduction band and va-
lence band are contributed equally by A-site and B-site of car-
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Fig. 3 (Color online) J5(E, k) versus energy and wave vector under
equilibrium for (a) majority spin of Co|ZG system; (b) minority sj
of Co|ZG system; (c) majority spin of Co|AG system ; and (d)
minority spin of Co|AG system. 8k = k — ko with k the wave vect
in the first Brillouin zone and kg = 0 for Co|ZG system (panel (a)
and panel (b)) and kg = +27/3 for Co|AG system (panel (c) and
panel (d)). The units of wave vectors are 1/a, and 1/a,, where a is
the supercell length along x axis for Co|ZG system and ay, is the
supercell length along y axis for Co|AG system. (e)-(f): T5(E)
versus energy under equilibrium for Co|ZG system and Co|AG
system, respectively. (g)-(h): I versus bias voltage for Co|ZG
system and Co|AG system, respectively.

bon atoms. For majority spin of Co|Graphene system, the
valence band around K point is dominated by p, orbital of
hollow-site carbon atoms, while the conduction band is mostly
contributed by the hybridization between p, orbital of top-site
carbon atoms and d,> orbital of cobalt atoms. For minority
spin, the band around the Fermi level near K point is mostly
contributed by d orbital of cobalt atoms in x —y plane (¢ -
and d,>_,2). The existence of this band is due to the doping
of Co atoms. There are also two bands near K point above
the Fermi level which are evolved from a degenerate level of
graphene during the Co doping. The upper band is contributed
by top-site carbon atoms and the lower band is dominated o,
hollow-site carbon atoms (see red squares and green circles in
Fig.2(b)). From this analysis, we see that due to the Co dop-
ing the Fermi velocity of both majority and minority spin are
reduced significantly which may have implication on the re-
sponse time. Moreover, we expect a suppression of transient
current for majority spin due to the existence of a gap at the K
point.

Now we study transport properties of our systems. For the
magnetic graphene nano-devices under a given pulse bias, the
magnitude of transient current should be exactly equal to the
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DC current when time tends to infinity. Therefore, the steady
state properties under different bias voltages are essential to
understand the dynamic transport properties. Our devices are
2D systems which are periodic in the transverse direction, i.e.,
x direction for Co|ZG or y direction for Co|AG. The spin re-
solved transmission coefficient T can be calculated by*!

dk
To(E) = [ 5 Zo(EH) ©
with
To(E k) =Tr[[ Lk (E)Gr(E)Trk (E)GE(E)]os, (7

where k is the wave vector sampled in the 1D Brillouin zone;
G, is the retarded Green’s function of the system at wave
vector k and is defined as G} = [E — Hy — X}, — ere’k]’l;
Cop = i(Xy; — X4 1) (@ = L,R) is the linewidth function at
k point which describes the coupling between ¢ lead and the
scattering region. Under finite bias voltage, spin resolved cur-
rent can be calculated using the Landauer-Biittiker formula as
follows,

o= [ aElf~ fulTo(E), @®)

where f is the Fermi distribution function of lead «.
According to Eq.(7), the equilibrium k-sampled transmis-
sion coefficients J5(E, k) close to the Fermi level were cal-
culated and shown in Fig.3(a)-(d). For Co|ZG, .7; and .7 are
nonzero only around k = 0, which exhibits sharp cone shapes
with Fermi velocity equal to that of Graphene (see Fig.3(a)
and Fig.3(b)). While, for Co|AG, .7} and .7] are nonzero only
around k = +27 /3 where two sharp cones appear (see Fig.3(c)
and Fig.3(d)). In the other k region, .7; and .7 are all equal
to zero. This phenomenon can be understood as follows. Be-
cause the right lead of the magnetic device is pure graphene,
the electron can flow only through the K point of the hexago-
nal Brillouin zone where density states are available, although
there are more bands in the left lead. Moreover, due to the
presence of lead, the periodicity along the transport direction
is destroyed, the 2D Brillouin zone of graphene is reduced to
a 1D one perpendicular to the transport direction. For Co|ZG
system, the K (or K”) points of hexagonal Brillouin zone of 2D
primitive graphene are folded over the I" point of 1D Brillouin
zone corresponding to k = 0. While for Co|AG system, the K
(or K’) point is located on the +27/3 along the k axis of 1D
Brillouin zone. As a result, the DC transport is dominated by
k=0 for Co|ZG and k = £27/3 for Co|AG near and below the
Fermi level. Fig.3(e) and Fig.3(f) show the equilibrium 7 (F)
around the Fermi level for Co|ZG and Co|AG, respectively.
When the energy is below 0.1 €V, T) is much larger than 7 for
both systems, because of the majority spin band gap around K
point below the Fermi level as shown in Fig.2(a). As a result,

I =0.08 uA
1l =023 pA

z
=5
=0 RCRAGAS IF=-0.16pA |
Al Iy =-0.03 pA 1=-130pA
R IF=-025pA o
“0 150 300 450 600 O 50 100 150 200
time (fs) time (fs)

Fig. 4 (Color online) Spin polarized transient current /5 of Co|ZG
system under different pulse biases v = v; —vg = 2v;, for (a)
v=035V,(b)v=0.15V,(c)v=-0.15V,and (d) v=—-0.35 V.
The red curves, blue curves, red dash lines and blue dash lines
indicate I+(t), I (), I#" and 19¢, respectively.

I; is much smaller than I} for both systems under lower bias
voltage as shown in Fig.3(g) and Fig.3(h).

Having examined the DC transport properties of magnetic
graphene nano-devices, we now focus on its transient pro-
cess under step-like upward pulse with different pulse biase..
A sudden change of bias from zero to vy is applied to both
left (Co|Graphene) and right (pristine graphene) leads where
vy =v/2 and vg = —v/2. Using Eq.(1), the transient cur-
rents at different upward pulse biases were calculated from
first principles, where more than 10000 energy points from
transmission threshold to the Fermi level were scanned in or-
der to obtain a convergent result. For each energy, more than
500 k points in the 1D first Brillouin zone was sampled to en-
sure the accuracy of transient current calculation.*? Fig.4(a)-
(d) show the transient current /;(¢) and /| (¢) of Co|ZG syste -
under different pulse biases. Several observations are in order.
(i) Once the pulse is turned on, I5(¢) increases rapidly from
zero to a large value in the first a few femtoseconds and ther
decays with oscillations to the steady state DC current. This
is a general feature for all the pulse biases. (ii) For all tne
pulse biases, the turn-on time 7 (time to reach the maximumr
current) is roughly 5~20 fs for both majority spin and minor-
ity spin. Considering that the length of scattering region L of
Co|ZG is about 214, the envelope velocity V = L/t is roughly
1~4 A/ fs. This value is in accordant with the Fermi velocity
Vr = 1/RJE /dk which can be estimated from Fig2.(a) with
the value about 3.5 A/ fs. From this velocity, we estimate the
transit time to be 6 fs. (iii) The relaxation time (time from t=0
to reach to steady state) is much longer than the turn-on time
due to the oscillation of I5(f). Quantitatively, we define the
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Fig. 5 (Color online) Spin polarized transient current /5 of Co|AG
system under different pulse biases v = vy, —vg for (a) v=0.3 V, (b)
v=0.1V,(c)v=-0.1V,and (d) v=—0.3 V. The red curves, blue
curves, red dash lines and blue dash lines indicate I (z), | (z), I? ¢

and If", respectively.

relaxation time 7, as kK = 10% where

__gqdc
o — Is(7) — 1§ ©)

d -
I8¢

with 14¢ the spin polarized DC current under bias voltage v.
As shown in the inset of Fig.4(c), the relaxation time can reach
~ 2000 fs. The order of magnitude of these two time scales T
and 7, are, respectively, almost the same for all the pulse bi-
ases. (iv) The oscillating frequency of /() can be estimated
accurately and found to be proportional to the bias v so that the
current is proportional to cos(gvt/2), which agrees with pre-
vious investigation. 1633 For instance, this gives the distance
between adjacent peaks r ~ 22 fs with v =0.35 V as shown in
Fig.4(a). (v) Due to the asymmetry of Co|ZG structure along
the transport direction, transient currents show different be-
haviors under reverse biases as shown in Fig.4(a) and Fig.4(d).

Fig.5(a)-(d) show the transient current of Co|AG system un-
der different pulse biases. Similar to Co|ZG, both majority
spin and minority spin currents show damped oscillatory be-
haviors for all the pulse biases. We found that turn-on time and
relaxation time are also about 5~20 fs and several ps, respec-
tively. Our results show that the response times of magnetic
graphene system do not depend on the chirality of graphene
and the amplitude of bias voltage.

According to Ref.[16], the long time oscillatory behavior of
transient current is dominated by the quasi-bound states (reso-
nant states) below the Fermi level. Due to the long life time of
the quasi-bound state, an incoming electron can dwell on that
state for a long time. The longer the life time of quasi-bound
state is, and the slower the current decays. The quasi-bound

0.2

©)
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0
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403 02 -199 “0 500 1000 1500 2000

04| (€

NG
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0.25 -2.6825 0 500 1000 1500 2000

04| (f)
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k(Va) energy (V) time (fs)

Fig. 6 (Color online) (a)-(c): Equilibrium transmission coefficient
Z4(E, k) around special wave vector k and energy corresponding to
quasi-bound states of Co|ZG; (d)-(f): The corresponding transient
current J;(&,k) of Co|ZG atv = —0.15 V.

state can be located from a sharp resonant peak of transmus-
sion coefficient with the peak width corresponding to the life
time. The decay rate can also be estimated analytically. Foi a
particular quasi-bound state with half-width of the sharp peak
equal to I'y around wave vector k and energy &, Aq in Eq.(4)
is approximately exp(i(€ — €9 + qva)t — (Fo/2)t).** Suppos-
ing the current J, in Eq.(1) is mostly contributed by this sha: -
peak, the time evolution of J, is mostly determined by the
factor of |Ay|> which can be further reduced to exp(—Tgt).
Obviously, the current exhibits oscillating behavior with fre-
quency equal to half of the strength of pulse bias v and decay
rate equal to the life time of the corresponding resonant state
.

For the calculation of Co|ZG and Co|AG, more than 500
k points in the first Brillouin zone and 10000 energy points
from transmission threshold to the Fermi level were scanned
to resolve all the sharp resonant states. Roughly 50 qua.
bound states were found and three most contributed ones to
Tr[_#1.+(t)] of Co|ZG at v =—0.15 V are shown in Fig.6. For
each quasi-bound state labeled by peak 1 to peak 3, the corre-
sponding current obtained by integrating Tr[_Z, +(€,k)] over
the neighborhood of this peak is also given in Fig.6. For peax
1 in Fig.6(a), the half-width I'; is roughly 4 x 10~* eV and the
corresponding relaxation time 7,; should be ~2188 fs from the
expression exp(—I'17,1) = e/10 (from Eq.(9)), which is accor-
dant with the numerical results shown in Fig.6(d). Peak 2 and
peak 3 also give proper agreements between the half-widths
I'; and I'; and the corresponding transient currents, respec-
tively. Comparing to Fig.4(c), we see the contribution of peak
1 to peak 3 to Tr[_#; +()] is more than 70% when t>200 fs.
The competition of all the quasi-bound states gives rise to the
long time oscillation of the transient current.
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Fig. 7 (Color online) Dephasing influenced L (a) and I (b) of
Co|ZG system with different depahsing parameters when v = 0.35
V. The red dash curves, blue dash-dot curves, and black solid curves
indicate /5 with dephasing parameter y = 0, Y = 0.0001 a.u. and
Y= 0.0005 a.u. (1 a.u. =27.2 eV), respectively. The green lines are
the values of spin resolved DC current.

So far, all the discussion about dynamic transport proper-
ties of the magnetic graphene device is in the coherent trans-
port regime with implicit assumption that only the elastic scat-
tering occurs for the electron and the inelastic scattering is
ignored. This is reasonable at low temperatures where elec-
tron phonon coupling can be neglected.** However, for an ac-
tual atomic device under operational condition, temperature
effect must be considered along with other inelastic scatter-
ings. For the transient dynamics, non-zero temperature would
smear out the sharp resonant peak and in turn affect the life-
time of quasi-bound states and the response of the system. To
include the temperature smearing effect in our theory, the in-
tegration range in Eq.(1) must be expended which will further
increase the computational complexity.

An alternative way is to include dephasing into the system
which is computational less expensive. Dephasing in system
is a very complex process which is related to temperature, ex-
ternal bias, and disorder. The main mechanism of dephas-
ing arises from electron-phonon (e-ph) coupling in molecu-
lar tunneling junction. Experimentally, the strength of e-ph
coupling can be quantified through measuring the vibrational
spectrum which roughly corresponds to the peaks of the sec-
ond derivative of current, i.e., d2I / dvi.e Theoretically, the
strength of e-ph coupling is contributed by all phonon mod-
els including both elastic scattering and inelastic scattering.
Accurate value of e-ph coupling strength needs to be deter-
mined self-consistently from first principles.*® To avoid the
self-consistent calculation, some phenomenological theories
have been established where e-ph coupling strength is sim-

plified as some parameters.*”* It has been proved that de-
phasing effects calculated using phenomenological theory are
in accordant with those obtained from self-consistent calcu-
lation quantitatively in molecular devices.*’ In the following
we will use such a phenomenological theory developed by M.
Buttiker*’ to investigate the influence of dephasing to the lo g
time oscillatory behavior of /5 (¢) for Co|ZG and Co|AG.

According to Ref.[47], the dephasing can be considered as
a fictitious probe and the effect to the system is describec
through introducing a scattering self-energy term Zg_ph as fol-
lows,

L= =578 (10)
where 7Y is dephasing parameter which describes the strength
of e-ph coupling in the device. Then the influence of de-
phasing to the transient current can be included qualitatively
through adding the term erph to the self-energy of the sys-
tem. In the following, we will vary the dephasing parametc -
to reveal the intrinsic behaviors on how the relaxation time i~
influenced by dephasing.

Using this method, the influence of dephasing to transient
current of Co|ZG and Co|AG was investigated. Fig.7 shows
I5(t) of Co|ZG under 0.35 V pulse bias (see Fig.4(a)) with
different dephasing parameters. In the first ~25fs, the current
is almost not influenced by dephasing. But when t>25 fs, the
oscillating amplitude of I5(f) decreases with the increase
dephasing parameter Y. When 7 is increased to 0.0005 a.u..
the oscillation disappears gradually and the current decays tc
the steady state value after about 200 fs. That is means the
relaxation time is largely reduced from several picoseconds tc
dozens of femtoseconds. Numerically, the quasi-bound states
mainly origin from the singular points in Eq.(4) where energy

is scanned in the real axis. The dephasing term ngph gives

an additional imaginary part —%}/S to the Hamiltonian, which
moves the singular points away from the real axis. As a result,
the long time oscillating behavior of current is decayed &,
proximately by the factor exp(—7¢). When y=0.0005 a.u. and
t=200 fs, exp(—yr) ~ 0.016 and the transient current almost
reaches its DC limit.

More importantly, supposing dephasing in the Co|Graphene
system is only induced by temperature, we can estimate tne
electron temperature approximately from dephasing parame-
ter yby y=kpT. So, y=0.0005 a.u. corresponds to a low tem-
perature ~ 158 Kelvin which is much lower than the natural
operating temperature of electronic device. Numerical results
show that dephasing gives quantitatively the same decay rate
of the relaxation time for both Co|ZG and Co|AG under dif-
ferent pulse biases. Therefore, we confirm that the chirality of
graphene in our Co|Graphene nano-device practically do not
influence the current response time.

To improve the performance of the nano-devices it is desir-
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able to eliminate these quasi-bound states that dominate the
relaxation time of the system. Physically, it is known that
these quasi-bound states mediate the resonant tunneling. To
get rid of the resonant tunneling, in another word, to eliminate
the quasi-bound state, we can dope the system whose effect
is to smear out the resonant peak thereby decrease the life-
time of the quasi-bound state. We note that calculating I-V
curve in the presence of doping has been formulated within
NEGF-DFT framework and implemented in the static calcula-
tion from first principles.>' However, how to use this formal-
ism for transient calculation is still a research topic and we
hope to report this progress in the near future.

4 Conclusions

In conclusion, we investigated the spin resolved dynamic
transport properties of magnetic Co|ZG and Co|AG systems
from first principles calculation. For both majority spin and
minority spin currents, the turn on time is roughly 5~20 fs
and the relaxation time can reach several ps due to long time
oscillatory behavior of transient spin current. When consid-
ering of the dephasing from e-ph inelastic scattering, the long
time oscillatory behavior of /5 disappears and the relaxation
time can be reduced to ~ 200 fs. The chirality of graphene
and the amplitude of pulse bias do not influence the response
time of magnetic graphene nano-devices.
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