Metadata, citation and similar papers at core.ac.u

Tunneling magnetoresistance in Fe3Si/MgO/Fe3Si(001) magnetic

fliltle tunnel junctions
Author(s) Tao, LL; Liang, SH; Liu, DP; Wei, HX; Wang, J; Han, XF
Citation Applied Physics Letters, 2014, v. 104 n. 17, article no. 172406, p.
172406:1-172406:5
Issued Date | 2014
URL http://hdl.handle.net/10722/200804
Rights Applied Physics Letters. Copyright © American Institute of

Physics.

k


https://core.ac.uk/display/38051707?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

AlP | e ™

Tunneling magnetoresistance in Fe3Si/MgO/Fe3Si(001) magnetic tunnel junctions
L. L. Tao, S. H. Liang, D. P. Liu, H. X. Wei, Jian Wang, and X. F. Han

Citation: Applied Physics Letters 104, 172406 (2014); doi: 10.1063/1.4874837

View online: http://dx.doi.org/10.1063/1.4874837

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/104/17?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Tunnel magnetoresistance effect in magnetic tunnel junctions using Fermi-level-tuned epitaxial Fe2Cr1- x Co x
Si Heusler alloy

J. Appl. Phys. 115, 17C709 (2014); 10.1063/1.4862720

Tunnel magnetoresistance effect and interface study in magnetic tunnel junctions using epitaxial Fe2CrSi
Heusler alloy electrode
J. Appl. Phys. 114, 013910 (2013); 10.1063/1.4812725

Enhancement in tunnel magnetoresistance effect by inserting CoFeB to the tunneling barrier interface in Co 2
MnSi/MgO/CoFe magnetic tunnel junctions
Appl. Phys. Lett. 94, 252503 (2009); 10.1063/1.3156858

Half-metallic electronic structure of Co 2 MnSi electrodes in fully epitaxial Co 2 MnSi/ MgO / Co 2 MnSi magnetic
tunnel junctions investigated by tunneling spectroscopy (invited)
J. Appl. Phys. 105, 07B110 (2009); 10.1063/1.3089732

Spin-dependent tunneling characteristics of fully epitaxial magnetic tunneling junctions with a full-Heusler alloy
Co 2 Mn Si thin film and a MgO tunnel barrier
Appl. Phys. Lett. 89, 192505 (2006); 10.1063/1.2378397

T T T T e e T T e T e T T T T T T T e e I e e e T T e e T e e T T T e T T T T T T IToTTT
Confidently measure down to 0.01 fAand upto 10 PQ) ="
Keysight B2980A Series Picoammeters/Electrometers

KEYSIGHT

TECHNOLOGIES



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1940596036/x01/AIP-PT/Keysight_APLArticleDL_121714/en_keysight_728x90_3325-2Pico.png/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=L.+L.+Tao&option1=author
http://scitation.aip.org/search?value1=S.+H.+Liang&option1=author
http://scitation.aip.org/search?value1=D.+P.+Liu&option1=author
http://scitation.aip.org/search?value1=H.+X.+Wei&option1=author
http://scitation.aip.org/search?value1=Jian+Wang&option1=author
http://scitation.aip.org/search?value1=X.+F.+Han&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4874837
http://scitation.aip.org/content/aip/journal/apl/104/17?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/17/10.1063/1.4862720?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/115/17/10.1063/1.4862720?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/114/1/10.1063/1.4812725?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/114/1/10.1063/1.4812725?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/94/25/10.1063/1.3156858?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/94/25/10.1063/1.3156858?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/105/7/10.1063/1.3089732?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/105/7/10.1063/1.3089732?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/89/19/10.1063/1.2378397?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/89/19/10.1063/1.2378397?ver=pdfcov

APPLIED PHYSICS LETTERS 104, 172406 (2014)

@CrossMark

Tunneling magnetoresistance in Fe;Si/MgO/Fe;Si(001) magnetic tunnel

junctions

L. L. Tao," S. H. Liang," D. P. Liu," H. X. Wei," Jian Wang,? and X. F. Han"®
'Beijing National Laboratory for Condensed Matter Physics, Institute of Physics,

Chinese Academy of Sciences, Beijing 100190, China

“Department of Physics and the Center of Theoretical and Computational Physics,

The University of Hong Kong, Hong Kong, China

(Received 27 March 2014; accepted 21 April 2014; published online 1 May 2014)

We present a theoretical study of the tunneling magnetoresistance (TMR) and spin-polarized
transport in Fe;Si/MgO/Fe;Si(001) magnetic tunnel junction (MTJ). It is found that the
spin-polarized conductance and bias-dependent TMR ratios are rather sensitive to the structure of
Fe;Si electrode. From the symmetry analysis of the band structures, we found that there is no
spin-polarized A; symmetry bands crossing the Fermi level for the cubic Fe3Si. In contrast, the
tetragonal Fe3Si driven by in-plane strain reveals half-metal nature in terms of A; state. The giant
TMR ratios are predicted for both MTJs with cubic and tetragonal Fe;Si electrodes under zero bias.
However, the giant TMR ratio resulting from interface resonant transmission for the former
decreases rapidly with the bias. For the latter, the giant TMR ratio can maintain up to larger bias
due to coherent transmission through the majority-spin A; channel. © 2074 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4874837]

The phenomenon of tunnel magnetoresistance (TMR)
observed in magnetic tunnel junctions (MTJs) has been
extensively investigated for decades, due to its rich physics
and potential application in spintronic devices." MTJ devices
have several designs including the in-plane MTJ and perpen-
dicular MTJ (p-MTJ), depending on the ferromagnetic elec-
trodes possessing an in-plane or perpendicular magnetic easy
axis. The room-temperature TMR ratio in excess of 600%
has been achieved in the MgO-based in-plane MTJ? after the
prediction of first-principles calculation.>* The p-MTJ can
be used for current-induced magnetization switching using
spin-transfer torque (STT) effect®® and has several advan-
tages such as higher thermal stability and lower switching
current density as compared with in-plane MTJ,” which are
favorable in the applications for STT-based magnetic ran-
dom access memory (STT-MRAM).®® The critical switching
current density J. and thermal stability are the two key pa-
rameters characterizing the performance of the p-MTJ while
maintaining the high TMR ratio. J,. is proportional to the
Gilbert damping constant o and saturation magnetization M
as J. oc aM,.” In this regard, DOs-type Fe;Si with uniaxial
magnetic anisotropy is a promising candidate as a ferromag-
netic electrode of p-MTJ due to its lower M, and smaller «
than that of NiFe (Py) or CoFe alloy,' and thus possibly
achieving lower J.. In addition, the high Curie temperature
of ~800 K as well as high spin polarization of ~45%"
makes Fe;Si a better material as ferromagnetic electrodes of
spintronic devices. Very recently, Fe;Si has been explored as
ferromagnetic electrode for the MTJ using amorphous Al-O
barrier'” and the room-temperature TMR ratio of ~20% has
been observed. Moreover, Fe;Si was found to have an out-
of-plane magnetization easy axis on MgO(001) substrate,"?
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which favors the thermal stability of p-MTJ required for data
non-volatility.

Besides switching current density and thermal stability,
another important device merit of a MTJ is the TMR ratio. A
natural question to ask is whether the MTJs with Fe;Si elec-
trode can yield giant TMR ratio. To answer this question, we
have carried out a theoretical study on the quantum transport
in a Fe3Si/MgO/Fe;Si MTJ with two structures of Fe;Si elec-
trode. Our results show that for the MTJ with cubic Fe;Si
electrode, the zero-bias TMR ratio reaches 5000%. However,
the giant TMR ratio decreases rapidly as the bias is turned
on. In contrast, for the MTJ with tetragonal Fe;Si electrode
driven by in-plane strain, the zero-bias TMR ratio can reach
2000%. Importantly, this giant TMR ratio can sustain much
larger bias. Analysis of symmetry-resolved band structures,
electronic structures and transport in momentum space pro-
vide clear understanding of these results.

Our quantum transport calculation is based on
Nonequilibrium Green’s Function-density functional theory
(NEGF-DFT) method that combines real-space DFT with the
Keldysh NEGF formalism, as implemented in Nanodcal pack-
age. For more technical details, we refer interested readers to
the original literature.'* The spin-polarized conductance G, is
given by Landauer-Biittiker formula

2
Gy = - To{ky, Er), (1)
k)

where T, (K|, Er) is the transmission coefficient at the Fermi
level Ex with spin ¢ (¢ =7, |) and transverse Bloch wave
vector K| = (ky, k,) due to the transverse periodicity, e the
electron charge, and & the Planck’s constant. We used a
10 x 10k mesh to converge the density matrix and a
400 x 400k mesh for evaluating transmission coefficients
of all spin channels. The valence electrons are treated by

© 2014 AIP Publishing LLC
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FIG. 1. Optimized atomic structure of a Fe;Si/MgO/Fe;Si MTJ model. The
transport direction is along the z-axis while the MTJ is periodic along the
x- and y-directions. The optimized Fe-O distance (in unit of A) is marked.

linear combination of atomic orbital basis with double-{ plus
polarization basis for all the atoms. The local density approx-
imation as parameterized by Perdew and Zunger is used for
the exchange-correlation potential."®

The MTJ device model investigated in this work is a
two-probe tunnel junction, consisting of two semi-infinite
Fe;Si electrodes sandwiching several monolayers (ML) of
MgO barriers as shown in Fig. 1. The atomic structures of
central region are fully relaxed using the DFT based VASP
electronic package.'® The in-plane lattice constant of the
junction is fixed at 3.997 A, corresponding to 1/+/2 of exper-
imental value (5.653 A) of Fe;Si. Thus, the lattice mismatch
between Fe;Si(001) and MgO(001) (4.21 A) rotated by 45°
is about 5%. The optimized Fe-O distance is found to be
2.191 A. Note that there are two different terminations due to
the layered structure of Fe;Si. The Fe termination is verified
to be more stable than FeSi termination by performing the
cohesive energies calculations. Thus, the Fe termination is
considered in the present work. All the MgO barriers are
fixed at 5 ML in the rest of the paper.

It is known that TMR ratio is a key parameter character-
izing performance of MTJs. The optimistic TMR ratio is
defined as TMR = (Gp — Gap)/Gap, with Gp and G4p being
the total conductance for the magnetizations of two electrodes
with parallel (PC) and anti-parallel configurations (APC),
respectively. The calculated spin-polarized conductance and
TMR ratios for a number of different MTJs are reported in
Table 1. All the relevant results for Fe/MgO/Fe(001) are also
presented for comparison. We find that TMR ratio of
Fe/MgO/Fe is around 3000%, which is in good agreement
with that of Ref. 17. The giant TMR ratio in Fe/MgO/Fe origi-
nates from A; spin-filtering effect, as explained clearly in
Refs. 3 and 4. Namely, incident Bloch wave functions from
electrode will decay at symmetry-dependent rates through
MgO barrier and the state with A; symmetry decays most
slowly when compared with other states. Moreover, for bcc
Fe, the A; band exists only in majority-spin channel at the
Fermi level. Thus, a large conductance difference between PC
and APC is obtained giving rise to the giant TMR ratio. The
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TMR ratio for the Fe;Si/MgO/Fe;Si is very large, reaching
~5000%, which is larger than that of Fe/MgO/Fe. It is inter-
esting and instructive to make a comparison between the G;,T
and G#. First of all, G,U is larger than Gﬁi for Fe/MgO/Fe
due to the contribution of the slowly decaying A; state. This
is in sharp contrast to the case of Fe;Si/MgO/Fe;Si for which
G,l,l plays a dominant role in all spin channels. As Table I
shows, G},l is about two orders of magnitude larger than that
of other spin channels.

To understand the different conductance and TMR ratios
presented above, we now examine transmission coefficients
in the two-dimensional Brillouin zone (BZ), as plotted in
Fig. 2. First, for Fe/MgO/Fe, the majority-spin in PC has a
circular peak centered at k| = (0,0) due to the slow decay
through A; state, whereas the minority-spin is characterized
by sharp peaks-called hot spots, originating from resonant
transmission through interface resonant states (IRSs).'® In
contrast, in the case of Fe;Si/MgO/Fe;Si, both the majority-
and minority-spin in PC has negligible transmittance around
the center of BZ, suggesting that there is no incoming A;
Bloch states from Fe;Si electrode. This can be confirmed
from the symmetry-resolved band structures of bulk Fe;Si, as
plotted in Figs. 3(a) and 3(b). The bands have C,, symmetry
along the A direction (I'-X). It is found only doubly degener-
ate As (pd) band crosses the Fermi level Er for majority-spin,
while both As and A, (d) bands cross Er for minority-spin.
On the other hand, the A; (spd) band for majority-spin locates
at about 0.2eV above Ef. There are two A; bands above Ep
for minority-spin; one localizes around 0.9eV and the other
positions at 1.6eV. Second, the resonance transmission peaks
for minority-spin in PC can be distinctly suppressed by break-
ing the symmetry of MTJs,'? e.g., by the interface oxidation
or applied bias. To support this point, we constructed an
asymmetric MTJ with one ML Fe 50% oxidized at one inter-
face, namely Fe;Si/FeO/MgO/Fe;Si. As can be seen from
Table I, the TMR reduces drastically from ~5000% to
~700% caused by the significant reduction of G}} . Because
in the case of symmetric MTJ, the localized interface states
on the two Fe;Si/MgO interfaces are at identical energies and
when they align in energy, resonance transmission occurs.
However, in the case of asymmetric MTJs, the two interface
states are separated with an energy. Thus, resonance trans-
mission is destroyed due to the mismatching of the two inter-
face states. It can be further confirmed by the local density of
states (LDOS) of an Fe atom at the interface shown in Fig.
4(a). For the symmetric MTJ, the minority-spin DOS shows a
clear peak at around Ey, which can be attributed to the exis-
tence of interfacial states; on the contrary, there is no
minority-spin DOS peak around Ef for the Fe atom in FeO

TABLE I. The calculated spin-polarized conductance G, (in units of ¢? /) and TMR ratios (in %) for a number of different MTJs. G,U, G},l are the majority-
spin and minority-spin conductance in PC, respectively. GI&,, Gﬂ, are the majority-to-minority and minority-to-majority conductance in APC, respectively.

MgO barrier is chosen as 5 ML in all cases.

Structure G,U G},l ijlp Gﬂ] TMR (%)
Fe/MgO/Fe 1.23 x 1073 2.76 x 107 232 % 1073 234 x 1073 3132
Fe3Si/MgO/Fe;Si 5.07 x 107° 1.84 x 1074 1.78 x 107° 1.78 x 107° 5211
Fe3Si/FeO/MgO/Fe;Si 1.05 x 1073 5.98 x 107° 8.78 x 1077 1.06 x 107° 750
T-Fe;Si/MgO/T-FeSi 1.08 x 1073 2.01 x 1074 2.71 x 1073 2.65 %1073 2290
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layer. Fig. 4(b) plots the TMR ratio of Fe;Si/MgO/Fe;Si
(blue circles) versus the bias. Note that in this condition the
TMR ratio is defined as TMR = (Ip — I4p) /Iap, With Ip (Ip)
being the total current for MTJ in PC (APC). We define the
zero-bias TMR ratio using transmission coefficients. We see
that the TMR ratio decreases very quickly with increasing the
bias and drops to around 100% at a bias of 50mV. This is
because a small bias separates the two interface states®® and,
in consequence, suppresses the minority-spin resonance trans-
mission in PC which is directly related to /p. For MTJ-device
application, output voltage V,,, is another important parame-
ter to characterize the magnitude of the output signal modula-
tion.?! V,,,, is defined as V,,, = V,(Gp — Gap)/Gp, where V,,
is the applied bias. As plotted in the inset of Fig. 4(b) (blue
circles), V,,, increases roughly linearly with increasing V),
and then drops at around 40 mV due to the strong suppression
of TMR ratio by bias.

To summarize, the giant TMR ratio of Fe;Si/MgO/Fe;Si
decreases quickly with bias, which is detrimental to the out-
put voltage V,,,. This is the result of a strong suppression of
resonant transmission through IRSs by bias. On the other
hand, A; coherent transmission through MgO barrier is less
affected by small bias in compared with IRSs.'” Thus, it is
favorable to V,, to achieve A; coherent transmission in
Fe;Si/MgO/Fe;Si. We found that a slight in-plane compres-
sive strain can drive the majority-spin A; band of Fe;Si
crossing Er. We calculated the band structures of tetragonal
Fe;Si for a number of c¢/a ratios, where ¢ and a are out-of-
plane and in-plane lattice constants, respectively. Here, c/a

Appl. Phys. Lett. 104, 172406 (2014)

FIG. 2. Spin- and kj-resolved trans-
mission coefficients for ((a)-(c))
Fe/MgO/Fe, ((d)-(f)) Fe;Si/MgO/FesSi
and ((g)-(i)) T-Fe;Si/MgO/T-Fe;Si at
the Fermi level. Panels from left to
right are ((a), (d), (g)) for majority-
to-majority and ((b), (e), (h)) for
minority-to-minority in PC; ((c), (f),
(1)) for  majority-to-minority  or
minority-to-majority in APC.

Minority-spin

r [001]

Majority-spin

-2
r [001] Z T [001]  Z
FIG. 3. Band structures of bulk ((a) and (b)) cubic Fe3Si (¢/a = 1) and ((c) and
(d)) tetragonal Fe5Si (¢/a = 1.07). The Fermi level Ej- has been aligned to zero.
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FIG. 4. (a) LDOS of an Fe atom at Fe;Si/MgO, Fe;Si/FeO/MgO interfaces;
shaded plots are the LDOS of an Fe atom in the deep Fe layer, which is close
to that of bulk. The majority- and minority-spin are plotted upward (posi-
tive) and downward (negative), respectively. (b) TMR ratios versus bias for
Fe3Si/MgO/Fe;Si (blue circles) and T-Fe;Si/MgO/T-Fe;Si (red squares).
Inset: Output voltage V,,,, versus bias.

ratio is determined by keeping the volume of the Fe;Si unit
cell fixed, namely a’c = ag (ap = 5.653 A). It is found that
the majority-spin A; band crosses Ey, whereas minority-spin
one does not when c/a ratio excess 1.04 (1.3% strain). Figs.
3(c) and 3(d) plot the band structure of tetragonal Fe;Si with
¢/a = 1.07. In this case, a is chosen to be 3.905 A, to model
growth on the SrTiO3(001) substrate, corresponding to 2.3%
in-plane compressive strain. As expected, this new type of
tetragonal Fe;Si (7T-Fe3Si) reveals half-metal nature in
terms of A; state, which is rather similar to that of bcc
Fe. Then we calculated the transmission coefficients for
T-Fe;Si/MgO/T-Fe;Si MTJ. As shown in Figs. 2(g)-2(i), the
majority-spin in PC shows the expected broad peak around
the center of BZ, whereas for the minority-spin and for APC
there are negligible transmittance in the BZ, except for some
resonance peaks at special k| points. This is quite similar to
that of Fe/MgO/Fe. As a consequence, giant TMR ratio of
~2000% is predicted originating from the A; spin-filtering
effect, as reported in Table I. More importantly, as shown in
Fig. 4(b) and its inset, the giant TMR ratio decays much
slower with bias and, even at 50mV bias, the TMR ratio is
still over 1500%. This is due to the coherent transmission
through the majority-spin A; channel, which is less affected
by small bias when compared with IRSs. Thus, V,,, increases
linearly with increasing V,, and V,,,, is almost 1.6 times larger
than that of Fe;Si/MgO/Fe;Si at 50mV bias. This V,,,

Appl. Phys. Lett. 104, 172406 (2014)

difference will be expected to be further increased when the
bias becomes larger.

In conclusion, we have calculated the TMR and spin-
polarized transport in Fe;Si/MgO/Fe;Si(001) MTJs with two
different Fe;Si electrodes, i.e., cubic and tetragonal ones.
Our results show that the giant TMR ratio for the former
stems from the minority-spin interface resonant transmis-
sion, which can be dramatically reduced by breaking the
symmetry of MTJs, e.g., by the interface oxidation or applied
bias. For the latter, the tetragonal Fe;Si reveals half-metal
nature in terms of the A; state. Giant TMR ratio is predicted
capitalizing on A; spin-filtering through MgO barrier and,
more importantly, this giant TMR ratio drops much slower
with bias in compared with former. Note that in real MTJs,
the transport could be in either mixed ballistic and diffusive
regime or diffuse regime due to the interface roughness and
atom defects. Therefore, the TMR ratios might be smaller
than the predicted values by taking into account of the dif-
fuse scattering. Our studies provide some guidelines for
achieving giant TMR ratio in Fe;Si-based MTJ, which is a
promising candidate as an MTJ element for designing
STT-MRAM devices.

This work was supported by the State Key Project of
Fundamental Research of Ministry of Science and
Technology [MOST, No. 2010CB934400], National Natural
Science Foundation [NSFC, Grant Nos. 11374351,
11174341, and 11222432], and Research Grant Council
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ture visualisation is plotted by using VESTA software.”> We
are grateful to the Shanghai Supercomputer Center for pro-
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