arxiv:1612.00972v1 [physics.comp-ph] 3 Dec 2016

1

Impurity-limited quantum transport variability in magnetic tunnel junctions

Jianing Zhuang,? Yin Wang,>3 @ Yan Zhou,''®) Jian Wang, 3 and Hong Guo*!

YDepartment of Physics and the Center of Theoretical and Computational Physics, The University of Hong Kong, Pokfulam Road,
Hong Kong SAR, China

I|nstitute of Textiles and Clothing, Hong Kong Polytechnic University, Kowloon, Hong Kong SAR,

China

$The University of Hong Kong Shenzhen Institute of Research and Innovation, Shenzhen, Guangdong 518057,
China

“Center for the Physics of Materials and Department of Physics, McGill University, Montreal, PQ, Canada,
H3A 2T8

(Dated: 3 October 2018)

We report an extensive first-principles investigation opurity-induced device-to-device variability of spin-paked
guantum tunneling through Fe/MgO/Fe magnetic tunnel jonst(MTJ). In particular, we calculated the tunnel mag-
netoresistance ratio (TMR) and the average values andneaseof the currents and spin transfer torque (STT) of an
interfacially doped Fe/MgO/Fe MTJ. Further, we predicteat N-doped MgO can improve the performance of a doped
Fe/MgO/Fe MTJ. Our first-principles calculations of the flations of the on/off currents and STT provide vital in-
formation for future predictions of the long-term reliatyilof spintronic devices, which is imperative for high-uohe
production.

NOTE: This article has been accepted Byontiers of  construct an MTJ that is completely disorder-free, because
Physicsin a revised form. of the mismatching at the material interfaces. Second, an
Introduction. Device-to-device variability is an important important device merit of an MTJ is the tunnel magnetore-
figure-of-merit characterizing the robustness and fakidna sistance ratio (TMR), which has a sensitive dependence on
reliability of electronic device$.The variability arises from the degree of spin polarization of the tunnel current. It has
the inevitable atomistic disorder in all realistic systefis  been shown that a small degree of interface disorder can be

When the device size approaches tens of nanometers, the vagiktremely detrimental to the TMR vald®.Third, the exis-
ability becomes significant, because each individual disor tence of magnetic impurities can severely affect the spin co
configuration yields slightly different transport propest*®>  herence, which is crucial for spintronics phenomena, aisd th
As circuit design becomes difficult if every device behaveseffect also induces variability in the spin coherent tramsp
differently, determining the source of this variabilitfjpag  Given the importance of MTJ structures for many potential
with its effect and magnitude, is becoming an increasinglyi applications, such as MRAMs, ultra-sensitive magnetidfiel
portant problem in nanoelectronic device physics. For examsensors, and spin torque nano-oscillafors3it is important
ple, a 10 nm device channel is only approximately 100 atom#o develop an understanding of the disorder-limited detice
long, even a single impurity or misplaced atom induces largelevice variability of MTJs, which is the target of this work.

property fluctuations, because such an impurity/atom gield |n particular, we report an extensive first-principles swe
1% disorder per structure width. In traditional complemen-tigation of the impurity-limited device-to-device varitity
tary metal-oxide semiconductors (CMOS), device-to-devic of spin-polarized quantum tunneling through an Fe/MgO/Fe
variability appears in many transport properties, inahgdhe  MTJ. This system is chosen because it has the largest TMR
conductance, the on and off currents, the threshold valtageimong all MTJs investigated in the literature, and becatise o
and the subthreshold swing. its widespread use in practical device applications. Our ca
While this variability is severe for traditional CMOS, it culation is based on a recently developed first-principfes a
is expected to be even more problematic for spintronic deproach (see below). We focus on both the average values and,
vices, such as magnetic tunnel junctions (MTJs), which arenore importantly, the variances of the TMR and spin transfer
the basic device elements of magnetic random access menwrque (STT) device properties. For the disorder, we focus o
ory (MRAM).® There are several factors behind this expectainterfacial impurities. The predicted fluctuations in thel
tion. First, the device physics of MTJs and MRAM is basedand STT provide quantitatively vital information regarglin
on quantum tunneling of spin-polarized charges through verthe variability magnitude versus the disorder strengthicivh
thin barriers, i.e., as thin as five layers of an insulatothsuc is important in practical applications for which high-vole
as MgO!~® Clearly, for such thin layers, a misplaced atom or MTJ production is required.
impurity will induce considerable disorder. As MTJs neces- \ethod. Calculating the device-to-device variability from
sarily incorporate different materials, such as the imswa  atomistic first-principles is, in fact, a very challenging
oxide barriers and magnetic metal contacts, it is difficalt t problem!4 Typically, brute-force calculation of many disor-
der configurations for a given impurity concentratiors re-
quired before the variance of a particular physical qugntit
can be obtained through statistical averaging. For quantum
®Electronic mail: yinwang@hku.hk coherent transport, which is non-self-averaging, therdiso
®)Electronic mail: yanzhou@hku.hk configuration ensemble can be very large. Furthermore, for
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the fully self-consistent atomistic modeling conductecthiis
work, such brute-force calculation is extremely ineffi¢cjen
if not impossible, to perform from a computational perspec-
tive. Therefore, in this work, we adopt a recently developec
non-equilibrium coherent potential approximation (NEQGPA
theory!® which analytically performs the statistical configu-
ration averaging that yields set expressions for the aeerag
transmission coefficiedt’ and the average of its square, in
terms of various nonequilibrium Green’s functions (NEGF).
Using these expressiofs e first-principles numerical calcu- _ _ _
lation needs to be done just once in order to obtain the aksire /G- 1. (Color online). Atomic structure of Fe/MgO/Fe MTJtii
transport variability. 5-layer MgO barrier. The gray, dark and light-blue, and ned pink

Verv brieflv. our calculation proceeds as follows. The spheres indicate Fe, Mg, and O, respectively. Because @ittimaic
y brietly, ou ulat P OlIOWsS. .~ disorder, some sites in the MgO region near both Fe/MgOfates
charge currenf is calculated from the transmission coeffi-

X N are doped with vacancies, N, or Al, as indicated by the Iigbe
cientT (e = h = 1), using and pink spheres. The MTJ is periodically extended in thestrarse

direction.
= [STE® - fmE) W

so as to simplify the expressions of the correlation fumio

(G-G) and (G- G-G-G), namely to expressT to the

first order in the disorder concentratian These theoretical

derivations are quite tedious and will not be reproduced.her

Instead, we refer interested readers to the original wéfkg°
T(E) = Tr[G"(E)TL(E)G*(E)Lr(E)], (2)  forthe relevant derivations.

In our numerical calculations, we use the quantum transport
whereG™* are the retarded and advanced Green’s functionpackage Nanodsirt;1%2°which implements various levels of
of the device scattering region, respectively, &ndr are the  the NECPA theory, including the low-concentration approxi
line-width functions of the left and right electrodes, resp  mation ofé7". In this method, density functional theory (DFT)
tively. In the presence of disorder, tii¢"* depend on the s carried out within the NEGF, such that the Hamiltonian of
particular disorder configuration; hencg(E) also depends the open device structure is calculated self-consistamitly-
on this configuration. As a result, ensemble averaging of theut phenomenological parametétsThe disorder scattering
physical quantity is required. We uge -) to denote the en-  and impurity-limited device-to-device variability areated at
semble average of the disorder configurations and, thus, th@e level of local concentration approximation of the NECPA

whereF is the electron energy anfl,(E) and fr(FE) are the
Fermi functions of the left and right electrodes, respetyiv
The transmission coefficiefit is determined by the Green’s
functions, such that

averaged current is expressed as which has been shown to yield very accurate re§ufts the
JE concentrations considered herein.
(I) = / 2—(T(E))[fL(E) — fr(E)], (3) Device model and physical quantities. Without loss of gen-
m

erality, we consider the most popular MTJ, which is com-
while the current fluctuation & prised of Fe/MgO/Fe(001). Ref. 13 has elegantly explained
JIE the microscopic physics of the operation of an ideal, disprd
= /(12 — ~ [ & _ free Fe/MgO/Fe junction. That is, by symmetry the minority-
o=V =) / 2m STENSL(E) = [RENA) spin d-states having transverse momentém # (0,0) in
with the transmission fluctuation being Fe are filtered by MgO, because they cannot couple to the
slowly decaying MgOA; band atk; = (0,0). In addition,
5T = \/(T2) — (T)2. (5) the majority-spin channel in the left Fe cannot tunnel tigtou
the junction when the right Fe is in the antiparallel statee T
Note thatyT” measures the transport variability due to the dis-overall result is a very small current for the antiparaltele
order randomness; this is the central quantity of this work. ~and alarge spin-polarized current for the parallel statdyd-
Calculating 67 requires (T(E)) and (T?(E)). From inganextremely large TMR in the device. Clearly, the physic
Eqg. (2), determining(T") requires evaluation of the corre- of this microscopic device is affected significantly by the o
lation of two Green’s functionsG - G'); however, the cal- currence of disorder; for example, Ref. 10 has shown that a
culation of (T?(E)) necessitates the evaluation of the cor-small number of interfacial O vacancies diminishes the TMR
relation of four Green’s functions, i.e.(G -G -G -G). In value considerably. In the remainder of this paper, we nves
Ref. 16, these correlations are derived based on the NECP#gate the device-to-device variability resulting fronchudis-
theory!®in terms of the averaged single-particle Green’s func-order effects, as quantified by’
tions and various vertex correction terfisln realistic de- Fig. 1illustrates the atomic structure of an Fe/MgO/Fe001
vices, considerable effort is devoted to control the disord MTJ, which is a two-probe transport junction. The MTJ
concentrationz to be very small (e.g., 1% or less); thus, a consists of an atomically thin insulating barrier (MgO) dan
low-concentration approximation is further derived in B&f  wiched between two ferromagnetic leads (Fe). The magnetic



moments of the two leads can be in a parallel (PC) or antipar

allel (APC) configuration. The impurities located near the 8000
Fe/MgO interfaces contribute significantly to the variepil

Thus, we model these interfacial impurities by introducing
impurity-atom concentration (again representedepyn the 6000¢
MgO barrier near the Fe/MgO interfaces; these impurities in

3000

2000

clude O vacancies on the O sites or N (Al) impurity atoms on g
the O (Mg) sites. o 40007 5 MgO layers
The TMR of the MTJ is defined by both the on-state current 2 100005 04 06 08 1

through the PCI;+) and the off-state current through the APC

(I1+)), astheTM R = (I++ — I4+y)/I+,. Alarge TMR value 2000¢

indicates that the on- and off-state currents are well sgedy

i.e., I++ > I+,. Another important quantity is the ST#22 11 MgO layers

Note that a larger STT for a given input current density im- 0 0 0.2 ‘ 0.4 0:.6 0.8 1
plies higher-efficiency switching between the PC and APC a: doping concentration x (%)

a result of the spin-polarized current. Usiﬂg and I, to

deno%e the S?m_Up ar_1d -down currents of the PC, r(:"Sp(:'uﬁtlymFIG. 2. Average TMR values vs. O-vacancy concentratiofor
and/;, andIy, fortheir APC counterparts, the transverse (in- \i1js having 5 and 11 MgO layers.

plane) STT can be obtained fré&t*
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in which M; andM,, represent the magnetization of the left ° o ¢¢ % % % %
and right leads, respectively, afds the relative angle be-
tween them. For a specific lead material ahdhe angular ofe-o-eb-d-d-bobd-dod sotid- bbb dofot
componeniM, x (M x M2) provides a constant vector in 1 1
T (0). In our calculations, we focus on the zero-bias limit <107 X« 107
(linear regime), where all the currents are replaced by dne c c “1d
respondingl” [via Eq. (1)]. -

Eq. (5) is employed in order to obtain a measure of 05
the device-to-device variability. For spin-polarized gtuan ;
transport, the PC transmissidi}; = TTT + T#T. That is, ) -2
T4+ is due to the two spin transport cEanneIs indicated by 15 1 [
the superscripts. While the configuration average is simpli 0 02 %4 %808 1 0 02 04,0808 1
for the transmission itself, withiT}) = <TTTT> + <TT¢T>, the
average over the transmission squéﬂ%) induces a cross

FIG. 3. (Color online) (a, b) On- (red dotted lines) and déts (blue

term <T¢T¢ X T¢¢T>, which may not be equal tCTTTT> X <T¢¢¢> dashed lines) currents for MTJs with 5 and 11 MgO layers,aesp

if magnetic impurities are present in the tunnel barriemto i tively. (c, d) STT for MTJs with 5 and 11 MgO layers, respeetjv

duce spin-flip scattering. However, in this work, since weThe error bars show the variances quantifying the deviedetace

investigate non-magnetic impurities and furthermore we nevariability.

glect the very small magnetic proximity effect on the impu-

rity sites - note that the impurity concentratiois very small,

(Tl x Th) = (T]) x (Th). tionsz of O vacancies at both Fe/MgO interfaces. The TMR
The NEGF-DFT calculations are performed within the lin- values decrease dramatically for both devices with iningas

ear muffin-tin orbital (LMTO) scheme and the atomic spherer, which is in agreement with previous calculatidfis\ote

approximation (ASA) framework> implemented in the Nan- that, for O-vacancy = 1%, the TMR values of both MTJs re-

odsim quantum transport packatfé®2°A 40 x 40 k-mesh  main high (approximately 1500%), indicating that the ord an

was used to sample the transverse Brillouin zone during theff-state are well separated and the digital system can-func

self-consistency in order to converge the density matrix, a tion.

a 400 x 400 k-mesh was used to calculate the spin-resolved Figs. 3(a) and (b) show the average values and variance of

transmission coefficients’ and their fluctuationg?’, as de-  the on- and off-state currents for MTJs with 5 and 11 MgO

scribed above. The MTJ atomic structure was relaxed usingayers, respectively. With increasing the current fluctua-

the DFT total energy method, following the standard appnoaction increases dramatically. For= 1%, the variability value

described in the literaturé. is comparable to the average current value. Larger fluctua-
Results. Fig. 2 shows the calculated TMR values for MTJs tion of the on- and off-state currents induces ambiguityhin t

consisting of 5 and 11 MgO layers with different concentra-two states, although the “average TMR” value remains large



[Fig. 2]. Note that our fluctuation calculations provide agu
titative description of the half-width of the current dibtr-

tion; therefore, the negative values presented for thatafle
current fluctuations do not indicate negative current \&lue

4

cies at the interfaces. Our LMTO-NEGF-DFT approach for
predicting the device-to-device variability will providatal
information for device physics and engineering in future re
search.
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TABLE |. TMR, on- and off-state transmission coefficiefits, and
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MTJ with 11 MgO layersz = 0.5% for both Fe/MgO interfaces for
the vacancy (Vac)-, N-, and Al-doped systems.
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