172}
<
-
w
-
|
Ay
i
o
&
3
'
=]
]
-
=

Front. Phys., 2014, 9(6): 768-773
DOI 10.1007/s11467-013-0375-z

RESEARCH ARTICLE

Electric and thermo spin transfer torques in Fe/Vacuum/Fe

tunnel junction

Xing-Tao Jial?, Ke Xial T

! Department of Physics, Beijing Normal University, Beijing 100875, China

2 Department of Physics and Chemistry, Henan Polytechnic University, Jiaozuo 454000, China

Corresponding author. B-mail: Tkexia@bnu.edu.cn

Received July 3, 2013; accepted August 6, 2013

We present first-principle calculations of electric and thermo spin transfer torques (STT) in

Fe/Vacuum(Vac)/Fe magnetic tunnel junctions (MTJs). Our quantitative studies demonstrate rich

bias dependence of STT and tunnel magneto resistance (TMR) behaviors with respect to the in-

terface roughness. Thermoelectric effects in Fe/Vac/Fe MTJs is remarkable. We observe larger ZT
of 6.2 in 8 ML clean Vacuum barrier, where the heavily restrained thermal conductance should be
responsible for. Thermo-STT in Fe/Vac/Fe MTJs show same order as that in Fe/MgO/Fe MTJs

with similar barrier thickness.
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1 Introduction

Extensive studies have made the magnetic tunnel junc-
tions (MTJs), especially MgO-based one, great progress
[1-9]. However, the comprehensive understanding of the
tunnelling effect in the MTJs is still insufficient due to
the complication of the metal-insulator interface. The
most useful signals to understand the tunnelling effect
in MTJs would be tunnel magneto resistance (TMR)
and Spin-transfer torques (STT) [10, 11]. The STT pro-
vides more information of the spin transport through
MTJ comparing with TMR. For example, when the ap-
plied bias is small, STT could be used to assess the sign
of current spin polarization in the parallel configuration
(PC).

The STT can be estimated by model calculation
with lots of parameters [12-16], and parameter-free cal-
culations using realistic electronic structure by wave-
functional-matching method [17, 18], and multiple scat-
tering Green’s function approach [19]. When the multiple
scattering within barrier is negligible, the in-plane STT
(T)) can be obtained by simply calculating the difference
of spin-current between PC and anti-parallel configura-
tion (APC) [12]:

T,(0) = sin 6 (1)

where, I!*) (0) = 2 (I — I') is the spin-current across
the barrier with certain magnetization relative angle 6.
' = 1 (AB[fr(€) — frle)] - GTW(e), is spin depen-
dent electric current induced by applied electric bias
Vo = (ur — ugr)/e or temperature gradient AT =
Ty, — T, G (E) is energy-dependent conductance and
fr/r (€) = [elemre/r)/(keTi/r) 4 1]=1 is Fermi-Dirac dis-
tribution with given local chemical potentials jiz,/r and
temperatures Ty, /r. We define the bias torkance as 7y =
Tav/Vy and the thermo-torkance as 7 = Tar/AT.The
temperature gradient can induce remarkable STT as
demonstrated by the recently theoretical and experimen-
tal studies [6, 20-25].

In the tunnel junctions such as Fe/GaAs/Fe and
Fe/Vac/Fe, minority-spin channel dominates the trans-
port process due to the resonant channels between metal-
insulator interfaces [26-30]. We expect larger thermo-
electric (spin) effects due to the strong energy depen-
dence of resonant channel. Vacuum is a good heat in-
sulator, which makes thermoelectric effects more pro-
nounced. The well characterized interfaces in Fe/Vac/Fe
MTJs also will be very useful for the understanding
the tunnelling processor. In this paper, we present a
parameter-free calculation on the STT in Fe/Vac/Fe
MTJs as shown in Fig. 1. Our calculations indicate rich
bias dependence of STT in Fe/Vac/Fe with respect to
the interface roughness, and large thermoelectric effects
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in Fe/Vac/Fe. In Section 2, we briefly introduce our mod-
eling of the Fe/Vac/Fe MTJs and some essential details
of our calculation. In Section 3, we discuss the electric
bias induced STT in MTJs. In Section 4, we provide
the results for the thermo-STT in MTJs. And finally, we
summarize our results.

Fig. 1 Schematic Fe/Vac/Fe(001) MTJs with ideal interfaces.
We consider both a temperature difference AT = T — TR and
voltage difference V; between the ferromagnetic reservoirs. The
magnetization M of the left lead is fixed along the z-axis, while
the magnetization My of the right lead is rotated by an angle 8 in
the zz plane relative to Mj.

2 Calculation methods

We consider a two-probe device consisting of a Vacuum
barrier and two semi-infinite ferromagnetic leads with
different magnetization directions as show in Fig. 1. The
scattering region includes several buffer layers of lead
atoms and several vacuum layers. We consider transport
in the (001) growth direction keeping atoms at the sur-
faces unrelaxed in their bulk bcc position. An electric
voltage V}, and a temperature gradient AT are applied
at the leads to drive the current flow. We assume the
imperfect only exist at the iron surfaces, the surface
roughness is present in one atomic layer on both left
or right Fe/Vac interfaces with z and 1 — 2 Fe atoms to
keep the average distance between the two interface is
integral monolayer (ML) [30]. Here, we give a quantita-
tive theoretic analysis of spin transport of the Fe/Vac/Fe
MTJs based on density functional theory (DFT) calcu-
lation with the Keldysh nonequilibrium Green’s func-
tion (NEGF) framework. The surface roughness or im-
purities scattering were deal at the single particle re-
tarded Green’s function level by coherent potential ap-
proximation (CPA) and at the NEGF level by evaluating
a nonequilibrium vertex correction (NVC) term during
the electronic structure and transport calculation [31].
Basically T), is calculated by Eq. (1). Moreover, as
comparison and checking, we also calculated the STT
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directly by a tight-binding linear muffin-tin-orbital (TB-
LMTO) wave-function-matching (WFM) calculation [17]
based on DFT in the local density approximation (LDA)
[32] with exchange-correlation potential parameterized
by Vosko, Wilk, and Nusair [33]. For the STT calcula-
tion with scattering wave functions, we use 400 x 400
k mesh in the full two-dimensional Brillouin zone (BZ)
to ensure excellent numerical convergence. The other de-
tails of the electronic structure and transport calculation
can be found elsewhere [5, 27].
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Fig. 2 Layer-resolved STT of 5ML vacuum barrier ideal junc-
tion with relative magnetization angle @ = 7/2 near zero bias. The
lower insert is the angular dependence of total STT of the right
side calculated by the scattering wave functions and Eq. (1).

To check the validity of Eq. (1), we calculated STT
of Fe/Vac(5ML)/Fe with ideal interface under equilib-
rium state with scattering wave functions [17] as shown
in Fig. 2. Therein, the magnetization angle 6 between the
left fixed and right free Fe leads sets to 90°. Obviously,
both the T, and T'| oscillating decay quickly as the par-
ticle current penetrate into the lead. The fast decay of
the STT indicates the spin angular moment is almost
absorbed near the interface. The lower insert of Fig. 2
gives the angular dependence of T, and 7’| calculated
with scattering wave functions and 7, by Eq. (1). The
T, calculated by both methods are consistent well. So,
in the following, we focus on the T, simply by Eq. (1).
Moreover, our studies indicate that the ratio of T, /T, is
around 0.15, which is larger compared with that in the
metallic spin-valve.

3 Electric STT in Fe/Vac/Fe MTJs

Electric STT in Fe/Vac/Fe should be a best system to
test the electronic structure based STT calculation. Fig.
3 gives the I, 2(5)7 T,, and TMR with respect to the electric
bias in Fe/Vac(5ML)/Fe with different surface roughness
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x =0, 0.05, 0.3, and 0.5. Here x = 0, 0.05, 0.3, and 0.5
correspond to zero, 5%, 30%, and 50% ad-atoms on the
top of iron surfaces. For asymmetric MTJs, we calcu-
lated both negative and positive bias STT. T, and TMR
show rich bias dependence with respect to the interface
roughness.

For the MTJ with perfect interfaces, the results are
shown in Fig. 3(a). Iés)(O) and I () show odd and even
symmetry, respectively. The former increases quickly at
smaller bias and saturated at large bias with an inflec-
tion point around 0.5 V/, the fast increasing at small bias
relates to the minority-spin dominating transport in the
PC.

There are surface states just above the Fermi level, a
small bias will open the resonant channels and results in
a fast increasing in transmission. Further increasing the
bias will shift two surface states away from each other, so
the resonant channel is very sensitive to the applied bias.
I és)(w) shows quadratic behavior, and get saturated at
large bias. Consequently, the T}, demonstrates a .S shape
with respect to bias. This is different comparing with
perfect Fe/MgO /Fe, where ) (0) and ) (7) have lin-
ear and quadratic bias dependence when V, < 0.5 V,
respectively [5].

TMR decrease quickly from 300% at small bias state
to almost 0% at 0.65 V, where the difference of the total
current of the PC and APC is less than 0.5%, while the
spin polarization of the PC and APC is 69 and —26%,
respectively. TMR in Fe/Vac/Fe MTJs decrease more
quickly than MgO-based MTJs as function of the ap-
plied bias [7], given another indication that minority-spin
dominated system is more sensitive to applied bias than
majority-spin dominated tunnelling process.

When the structure getting asymmetric, the behavior
of the spin transport begin to deviate from the symme-
try. Here, we study two roughness x = 0.05 [Fig. 3(b)]
and 0.3 [Fig. 3(c)].The former is more close to the perfect
sample both from point view of STT and TMR, while the
later distort greatly from ideal, which can be considered
as a transition state between the prefect one [Fig. 3(a)]
to the heavily roughness one [Fig. 3(d)].

For x = 0.3, it completely loses the symmetry compar-
ing with ideal situation. At the small bias, both I{* (0)
and I ,§S> (m) are linear with smaller negative gradient. At
higher negative bias, 11" (0) keeps linearly, while I és)(w)
gradually turns to a positive gradient. At higher positive
bias, I © (0) gradually turns to a positive gradient with a
sign change at 0.45 V, %) () turns to a larger negative
gradient at the same time. Consequently, 7/, shows small
value close to zero at small bias while decrease quickly
at larger positive bias.
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Fig. 3 Spin current I( ) and in-plane torque 7, with magneti-

zation angle @ = 7/2 in Fe/Vac(5ML)/Fe with interface roughness
z = (a) 0, (b) 0.05, (c) 0.3, and (d) 0.5.

The sign change at 0.45 V in I3 (0) can be under-
stood by the energy dependent transmission as shown in
Fig. 4(a), where we find the majority-spin dominates the
PC almost in all the energy windows at smaller bias of
0.34 V, while the minority-spin boosts up and begins to
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Fig. 4 Energy-dependent transmission of the PC and APC (in-
sert) configurations of the Fe/Vac(5ML)/Fe with interface rough-
ness (a) z = 0.3 and (b) z = 0.5 under bias voltage.
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dominate the conductance around energy of 0.05 eV
above Fermi level at higher bias of 0.61 V. Moreover,
we notice negative TMR, at equilibrium state and small
negative and positive bias. This is consistent with the re-
cent calculation, there a cross-over point is found around
x = 0.25 [30].

When both the interfaces are extremely dirty with
0.5, the MTJ can be considered as a symmet-
ric structure again. Here, I © (0) is linear with negative
gradient in a large range of electronic bias, where the

xr =

majority-spin dominates the conductance in full energy
windows when V4, < 0.5 V as shown in Fig. 4(b). A rapid
change around 0.55 V is related with the rapid increase
of minority-spin conductance at higher bias as shown in
Fig. 4(b). I o () keeps small values under the low bias,
and the values suddenly increases at large bias. Conse-
quently, T, keeps linear dependence on the applied volt-
age at small bias, but the curve changed at high positive
bias and shows a sign change around 0.6 V. The behavior
of T, is similar with MgO-based MTJs [5].

4 Thermo STT in Fe/Vac/Fe MTJs

Recently, both theoretical and experimental studies have
demonstrated that temperature gradient can be used
to generate STT more efficiently [6, 19-23]. Thermal
conductance (or STT) depends on energy-dependent
transmission (or spin-transmission) [6]. The resonant
interfacial states dominate the transport in MTJs,
which make the energy-dependent transmission (or spin-
transmission) curvaceous. As a result, MTJs always
show larger thermoelectric effects comparing with sim-
ple model prediction. The stronger the asymmetric of the
transmission and spin-transmission around Fermi level,
the larger the thermoelectric current and thermo-STT.
In Fig. 5 we give the energy-dependent transmission
of the clean Fe/Vac/Fe MTJs with 5, 7, and 9 ML Vac
barrier, and dirty 5 ML Vac barrier with x = 0.5. The

minority-spin channels dominate the conductance for the
clean MTJs, and the resonant peak around Fermi level
gets sharper as barrier thickness increases. The heavily
disordered interfaces make the majority-spin dominating
in 5 ML z = 0.5. The slowly varied energy-dependent
transmission around Fermi level make the Sommerfeld
expansion valid to estimate thermoelectric current and
thermo-STT, and small thermoelectric effect would be
expected for the dirty MTJs.

=
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Fig. 5 Energy-dependent transmission of the PC and APC (in-
sert) configurations of the Fe/Vac(nML)/Fe MTJs with n = 5 (a),
7 (b), 9 (c) with ideal interface, and (d) n = 5 with dirty interface
z = 0.5.

Table 1 summarizes the thermoelectric effects and
thermo-STT in clean Fe/Vac/Fe MTJs. Therein, See-
beck coefficient in all studied barriers shows same order
for both PC and APC. Electric thermal conductance x
decreases more quickly than electric conductance. This
is related to the sensitive dependence of the energy-
dependent transmission [27, 34]. Consequently, ZT is
surprisingly large in Fe/Vac/Fe MTJs in the absence of
the phonon thermal conductance. The largest ZT of 6.2
is found in the 8 ML, Vacuum barrier. The barrier thick-
ness dependence of electronic torkance and thermo-STT
show same trend as conductance, indicates that the spin

Table 1 Thermoelectric effects in nML Vac MTJs with clean interface at T = 300K for PC/APC; thermo-STT at 7" = 300K and
AT = 1K for 0 = 90°. Tyx = 77 - 1K and AVey = Ty /7y is the equivalent bias. S is Seebeck coefficient, k = ke is electric heat

conductance. ZT = GS?T/x is figure of merit.

n G s K ZT TV Tik* AVeq
(10120~ 1.m—2) (Wv-K—1) (MW-K~1.m—?) (mJ-V—1.m—2) (nJ-m—2) (V)
4 22.2/10.6 33/48 117/40 0.06/0.19 -3.0 -125 42
5 3.3/1.4 58/43 31/2.9 0.1/0.27 -0.51 -45 89
6 0.90/0.16 52/37 3.9/0.14 0.19/0.48 -0.15 6.5 44
7 0.58/6.2E-3 36/33 0.22/1.2E-6 1.2/0.38 ~0.095 -0.61 6.4
8 0.11/4.1E-4 33/30 6.2E-3/2.3E-4 6.2/0.48 -0.019 -0.047 2.5
9 2.5E-3/1.0E-5 82/31 1.1E-3/9.5E-6 4.9/0.32 ~4.2E-4 -0.012 29
10 1.0E-5/3.9E-7 12/29 1.2E-5/3.6E-7 3.3/0.28 ~1.7E-5 -1.3E-3 76

*1JV~Im=2 =3 x 1018(h/2)k Q1. m—2
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Table 2 Thermoelectric effects and thermo-STT in Fe/Vac(5ML)/Fe MTJs at T' = 300 K for PC/APC configuration in the present

of interface roughness.

n G S K ZT TV Ti* AVeq
(102Q-"tm=2)  (WV-K™1) (MWK~ 1.m—?) (mJV-1.m=2)  (nJ-m~2) (wv)
0 3.3/1.4 58/43 31/2.9 0.1/0.27 -0.51 ~45 89
0.05 3.5/1.2 39/21 25/4.2 0.062/0.037 ~0.52 -30 58
0.3 0.65/0.66 -17/-18 2.2/2.2 0.026/0.032 0.023 ~0.099 4.3
0.5 0.63/0.53 ~13/-14 2.5/1.7 0.013/0.020 0.052 ~0.41 7.9
polarization in all barriers keep same order. Thermo-STT
in 4/6/8 ML Vac barrier show same order Tik as that in References

Fe/MgO/Fe MTJs with 3/5/7 ML MgO barriers. AV, is
the ratio of thermal torkance to electric torkance, which
is large in thinner Vac barrier.

Effect of interface roughness on thermoelectric effects
and thermo-STT in 5 ML Vac barrier is given in Table
2. Therein, Seebeck coefficient is positive in clean and
slightly dirty MTJs, while change to negative in severely
dirty samples. Electronic torkance change sign from neg-
ative in clean and slightly dirty sample to positive in
severely dirty samples. Both the sign changes are related
with the change of dominating spin channel as respect
to the surface roughness. That is the minority-spin chan-
nel dominate in clean and slightly dirty situations, while
change to majority-spin in heavily dirty situation. ZT
decrease as interface roughness increase. Thermo-STT
in dirty situation is considerable smaller than clean sit-
uation.

5 Summary

We present first-principle calculations of the electric and
thermo STT in Fe/Vac/Fe MTJs in the presence of in-
terface roughness. Our studies demonstrate rich bias
dependence of I Z(S), T, and TMR behaviors with respect
to the interface roughness. We observe an unusual non-
monotonic bias dependence of T), in the heavily rough
interface, where a sign reversal occur around 0.6 V. Ther-
moelectric effects in Fe/Vac/Fe MTJs is remarkable. We
observe larger ZT of 6.2 in 8 ML clean Vacuum barrier,
where the laking of phonon thermal conductance should
be responsible for it. Thermo-STT in Fe/Vac/Fe MTJs
show same order as that in Fe/MgO/Fe MTJs with sim-
ilar barrier thickness. The large thermoelectric effects
indicate that the signal build by thermal bias may be
found application in scanning tunnelling microscope.
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