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Bias-voltage dependence of tunnel magnetoresistance (TMR) was investigated for epitaxial magnetic

tunnel junctions of Fe/MgO/Co2MnSn at various temperatures. The magnetoresistance measurement

showed sign change of TMR ratio as a function of bias voltage. Sign change in TMR effect was also

observed with changing temperature at a fixed bias voltage around 0 mV. These tunneling behaviors

can be explained by a modified Jullière’s model adopting an interaction between tunnel electrons and

localized spins of magnetic impurities within the tunnel barrier. The temperature dependent sign

change was qualitatively explained by the theoretical calculation. VC 2011 American Institute of
Physics. [doi:10.1063/1.3642963]

I. INTRODUCTION

The tunnel magnetoresistance (TMR) effect is a dramatic

change of the resistance in magnetic tunnel junctions (MTJs)

when magnetizations in two ferromagnetic layers change

their alignment from antiparallel to parallel. Since the experi-

mental findings of the TMR effect for MTJs with AlOx bar-

riers at room temperature,1,2 the TMR effect becomes one of

key techniques for spin electrics devices, e.g., read heads in

hard disk drives and magnetic random access memories. Fur-

ther improvement of the TMR effect has been achieved by

theoretical predictions of extremely high TMR ratios for Fe/

MgO/Fe junctions,3,4 followed by experimental observations

of high TMR ratios in epitaxial MTJs (Refs. 5 and 6). The

observed values were slightly smaller than the predicted val-

ues, but the difference could be explained by suppression of

the TMR value due to electron scattering at certain imperfec-

tions at the interfaces.7 At present, TMR ratio of more than

1000% has been observed in FeCoB/MgO/FeCoB junctions.8

Magnetic tunnel junctions with high TMR ratios having little

influence from temperature and bias voltage are required for

technological applications.

It is well known that TMR ratios decrease with increas-

ing temperature. For example, the TMR ratio of FeCoB/

MgO/FeCoB junctions decreases to around 500% at room

temperature. The decrease has usually been attributed to

electron scattering by magnon excitations.9,10 TMR ratios in

MTJs with half-metallic electrodes show a tendency to

decrease more rapidly with increasing temperature than those

in MTJs with transition-metal electrodes. Magnetic tunnel

junctions with Mn-oxide electrodes show high TMR ratios at

low temperature, but they decrease rapidly with increasing

temperature, and become zero below Curie temperature.11–13

A possible mechanism of the strong temperature dependence

is spin-flip tunneling caused by interactions between tunnel-

ing electrons and localized spins on Mn ions.14,15 Magnetic

tunnel junctions with Heusler alloys also show rather strong

temperature dependence in the TMR ratio,16–19 the mecha-

nism of which has been attributed to local spin fluctuations,

thermally unstable interfacial electronic states, etc.20–23 In

general, the TMR ratios influenced by these mechanisms tend

to approach zero with increasing temperature.

As for bias-voltage dependence of TMR ratios, all posi-

tive, all negative, and sign change types have been reported

experimentally.17–19 An intrinsic mechanism for the sign

change of the TMR effect as a function of bias voltage has

been reported by Sharma et al.24 They explained that the

sign change is caused by the difference of the spin polariza-

tion of two barrier/electrode interfaces and by the sign

change of the spin polarization with the bias voltage in one

side. Several extrinsic mechanisms have been proposed for

the bias-voltage dependence of the TMR sign; effects of

interfacial electronic states,22 antisite Co atoms in Heusler

electrodes,23 oxidation of an Fe monolayer at the Fe/MgO

interfaces,25 effects of non-bonding states at interfaces,26

and so on. In addition to MTJs with MgO tunnel barriers,

an MTJ with a barrier made of an organic semiconductor

Alq3 also shows strong temperature and bias voltage de-

pendence, which is accounted for donor-accepter-mediated

transports in the tunnel barrier.27 Thus, extrinsic mecha-

nisms caused by a change in electronic states at or near the

interfaces seem to affect the bias dependence of the TMR

ratio strongly.
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To obtain desirable temperature and bias voltage

dependence of TMR ratios, it is important to clarify extrinsic

factors which affect TMR effects. In this paper, we report

that positive and negative TMR effects appear in Fe/MgO/

Co2MnSn MTJs as a function of bias voltage at room tem-

perature and also as a function of temperature at a fixed bias

voltage. Although the dependence of the TMR ratios on bias

voltage could be attributed to extrinsic mechanisms men-

tioned above, the sign change of the TMR ratio with temper-

ature, to our knowledge, has not been reported so far. Our

results indicate that a certain extrinsic origin is responsible

to the sign change in the TMR ratio with temperature. We

explain the observed results adopting a modified Jullière’s

model, where interactions between tunneling electrons and

localized spins within the insulator are introduced. We dem-

onstrate how localized spins within the insulator can give

rise to drastic temperature-dependent behaviors of the TMR

ratio.

The paper is organized as follows. Sample preparation

and measurement methods are explained in Sec. II, and

observed results are presented in Sec. III. Discussion and

model analysis for the sign change in the TMR ratio with

temperature is given in Sec. IV, and the conclusion is given

in the final section. The Appendix is devoted to the details of

the model analysis.

II. EXPERIMENTALS

Layered structures of MgO (5 nm)/Cr (30 nm)/Fe (20

nm)/MgO (2.4 nm)/Co2 MnSn (26.1 nm)/Co (10 nm)/Cr

(5 nm) were prepared on MgO (001) substrates using an

electron beam deposition system. The bottom ferromagnetic

Fe layer was deposited at room temperature and annealed

at 350 �C in order to improve the crystallographic quality.

After the deposition of the MgO barrier layer, the top ferro-

magnetic Co2MnSn layer was prepared by depositing one

atomic layer of Co, half an atomic layer of Mn and Sn alter-

nately in a controlled manner at the substrate temperature of

400 �C. It is reported that Co2MnSn layers grown at 400 �C
have relatively uniform local magnetism.28 The interface

atoms of the Co2MnSn layer on the MgO barrier were

designed to be Mn and Sn. The Co layer was deposited on

the layered structure to increase the coercivity of the upper

Co2MnSn layers. The crystal structures were characterized

by reflection high-energy electron diffraction, x-ray diffrac-

tion, bright-field scanning transmission electron microscopy

(bright-field STEM) and nano beam electron diffraction

(NBED). Magnetic tunnel junctions were patterned into

ellipse-shaped pillars of 6:0� 2:0 lm2 using a conventional

photolithography and Ar ion milling process. Magnetoresist-

ance measurements were carried out using a standard dc

four-probe method. The positive current is defined as the cur-

rent with the electrons flowing from the top Co2MnSn layer

to the bottom Fe layer.

III. RESULTS

Figure 1(a) shows a cross sectional bright-field STEM

image of the layered structures. The image indicates that

fully epitaxial Fe/MgO/Co2MnSn MTJ structure with an

atomically flat MgO barrier is realized. Figures 1(b) and (c)

show NBED patterns for the Co2MnSn and Fe layers, respec-

tively. The patterns clarify that Co2MnSn and Fe layers are

grown epitaxially. The appearance of the Co2MnSn (111)

spot indicates that the Co2MnSn layer has an L21 structure.

From the intensity ratio of Co2MnSn (111) and (002) peaks

of x-ray diffraction in polar plots, the degree of L 21 order of

Co2MnSn was estimated to be about 0.56 (Ref. 29).

Figure 2(a) shows magnetoresistance curves at various

bias voltages at 300 K. Positive and negative TMR ratios

ofþ5.9% and �10:3 % are observed at bias voltages

ofþ500 mV and �200 mV, respectively. Figure 2(b) shows

magnetoresistance curves at a bias voltage ofþ10 mV at

20 K, 150 K and 300 K. A negative TMR effect is observed

at 300 K, whereas a positive TMR effect appears at 20 K.

Figure 3(a) shows bias-voltage dependence of TMR

ratios for the epitaxial Fe/MgO/Co2MnSn MTJ at various

temperatures. The bias-voltage dependence of the TMR ratio

at 300 K exhibits asymmetric characteristics with respect to

the polarity, and negative TMR ratios are realized in the

FIG. 1. (a) Cross sectional bright-field STEM image of the layered struc-

tures. (b) NBED pattern for the Co2MnSn layer. (c) NBED pattern for the Fe

layer.
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bias-voltage range between �600 mV andþ200 mV, in

contrast with typical TMR ratio which decreases monotoni-

cally as the magnitude of bias voltage increases. At low bias

voltage, the TMR ratio changes from negative to positive

with decreasing temperature. The sign change of the TMR

effect with temperature is observed at bias voltage between

�100 mV andþ150 mV. Figure 3(b) shows bias-voltage

dependence of resistance area (RA) products at antiparallel

(AP) and parallel (P) magnetic configurations at 2 K and 300

K. The RA products for AP and P at 300 K exhibit large

differences at �200 mV andþ 400 mV, which correspond to

the minimum and maximum of the TMR ratio. As compared

with the RA products in the AP configuration at 300 K, those

at 2 K increase significantly at low bias voltage. This signifi-

cant increase in RA products in the AP configuration at low

bias voltage causes the sign change of the TMR effect with

temperature.

Figure 4 shows temperature dependence of TMR ratios

at bias voltages of �200 mV, þ10 mV andþ 400 mV. At

the bias voltages of �200 mV andþ 400 mV, no sign change

of TMR ratio is observed with changing temperature. At the

low bias voltage ofþ 10 mV, the TMR ratio changes to posi-

tive with decreasing temperature. As shown in the next

FIG. 2. (Color online) (a) Magnetoresistance curves for the epitaxial Fe/

MgO/Co2MnSn MTJ under various bias voltages at 300 K. (b) Magnetore-

sistance curves for the Fe/MgO/Co2MnSn MTJ at a bias voltage ofþ 10 mV

at 20 K, 150 K and 300 K.
FIG. 3. (Color online) (a) Bias-voltage dependence of TMR ratios for the

epitaxial Fe/MgO/Co2MnSn MTJ at various temperatures. (b) Bias-voltage

dependence of resistance area (RA) products at antiparallel (AP) and parallel

(P) magnetic configurations at 2 K and 300 K.

FIG. 4. (Color online) Temperature dependence of TMR ratios at bias

voltages of �200 mV,þ 10 mV andþ 400 mV.
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section, a modified Jullière’s model can qualitatively explain

the sign change of TMR ratio at bias voltage around 0 mV.

We note here that the anomalous TMR behavior in the

Fe/MgO/Co2MnSn MTJs is more or less reproducible. For

comparison with the Fe/MgO/Co2MnSn MTJs, Fe(30 nm)/

MgO(2.4 nm)/CoFe(10 nm) MTJs were also prepared. The

magnetoresistance of the Fe/MgO/CoFe MTJs displayed

large TMR ratio of about 170% at a bias voltage ofþ 1 mV

and the TMR ratio simply decreased with increasing the

magnitude of bias voltage at 300 K. The sign change in the

TMR ratio with changing temperature was not observed.

These results mean that the anomalous TMR is a characteris-

tic phenomenon for the Fe/MgO/Co2MnSn MTJs.

IV. DISCUSSION AND A MODEL ANALYSIS

Let us start with discussion on the bias-voltage depend-

ence of the TMR ratio. The bias-voltage dependence of the

TMR ratio shown in Fig. 3(a) is asymmetric with respect to

the positive and negative bias voltage. The asymmetry is due

to an asymmetric structure of Fe/MgO/Co2MnSn junctions.

The tendency that the TMR ratio is positive (negative) in

highly positive (negative) bias region is similar to that

reported by Marukame et al.18 However, the magnitude of

the TMR ratio is smaller near zero bias region in the present

case as compared with their results. The negative TMR ratio

in negative bias voltage region shown in Fig. 3(a) is caused

by a reduction of RA in AP magnetization alignment as

shown in Fig. 3(b). The reduction may be attributed to a

characteristic change in the local densities of states (DOS) of

Heusler alloy electrodes near the interface.23,26 The small

TMR ratio near zero bias region might also be caused by a

change in the local electronic states at the interface due to

certain imperfections of the junction structure. Because the

bandgap of Co2MnSn at the Fermi level is narrow as com-

pared with other Heusler alloys, which are expected as half

metal materials, e.g., Co2MnSi (Ref. 30), the spin polariza-

tion of Co2MnSn might be decreased by slight defects.31

The sign change of the TMR ratio with changing tem-

perature, on the other hand, has not been interpreted so far.

Characteristic features of the temperature dependence of the

TMR ratio can be seen in Figs. 3 and 4; the TMR ratios

observed at three bias voltages change linearly with increas-

ing temperature, the change in RA with temperature is larger

in the AP alignment than in P alignment for all the three

cases, and the sign change of the TMR ratio occurs at tem-

peratures which is much lower than the Curie temperature.

The observed features suggest that the sign change of the

TMR ratio with temperature may not be attributed to any

intrinsic origins such as spin fluctuations within magnetic

electrodes, but to extrinsic origins such as structural and

magnetic imperfections. We will attribute it to an extrinsic

origin caused by a temperature dependent interaction of

tunneling electrons with small spin-clusters within the

insulating barrier. The tunneling electrons interact with the

spin-clusters of the ground state at low temperature. With

increasing temperature, they begin to interact also with the

spin-clusters of the excited states, resulting in a sign change

of the TMR ratio.

Before performing an analysis of the TMR ratio by

using a concrete model system, we derive an expression of

the TMR ratio which includes extrinsic spin-dependent

effects caused within the insulating barrier. In the Jullière’s

model,32 the tunnel conductance C is proportional to prod-

ucts of DOS at the Fermi level DLrðeFÞ and DRr0 ðeFÞ of left

(L) and right (R) electrodes, respectively, and spin-

independent transmission probability T, where r and r0

denote majority (þ) and minority (�) spin states. Caroli

et al.33 have given an explicit expression of T, as T � jtgt0j2
using the non-local Green’s function g within the barrier and

hopping integrals t ðt0Þ between the left (right) electrodes and

the barrier. Because g is spin-dependent in general, the

tunnel conductance may be given with spin-dependent trans-

mission probability Trr0 as

C ’ 2pe2

�h

X

r

DLrðeFÞDRr0 ðeFÞTrr0 ; (1)

where r0 ¼ r for the conductance CP in the P alignment and

r0 ¼ �r for the conductance CAP in the AP alignment. The

spin dependence of Trr0 is governed by the spin dependence

of the local Green’s function g. A modified expression of the

TMR ratio may be obtained by using a conventional defini-

tion of the spin polarization PLðRÞ of DOS of left (right)

electrode,

DXþð�ÞðeFÞ ¼ DX0ðeFÞ 1þ ð�ÞPX½ �; (2)

with X¼L or R.

It should be noted that the decoupling of the conduct-

ance in terms of DOS and spin-dependent transmission

probability may not be appropriate for coherent tunneling

e.g., in Fe/MgO/Fe junctions. When spin-dependence of

Trr0 originates from a certain extrinsic origin, such as a

spin-cluster within the tunnel barrier, it may depend solely

on the spin of tunneling electrons, up ð"Þ or down ð#Þ. Here

we define " and # spins in the following way. As described

before, the sample quality may be less perfect near the

Co2MnSn (L-electrode)/MgO interface than near the MgO/

Fe (R-electrode) interface, such spin-clusters may reside

near the Co2MnSn/MgO interface and weakly couple with

Co2MnSn magnetization due to an effective magnetic field

from Co2MnSn. (See inset of Fig. 5.) The magnetic cou-

pling of the spin-clusters and Co2MnSn magnetization may

be unchanged even when the Fe magnetization is reversed

from P to AP alignment as done in experiments. We then

assume that the " and # spins of tunneling electrons are

governed by the spin axis in the Co2MnSn electrode.

With this definition of up ð"Þ and down ð#Þ spins, we

may assume that Tþþ ¼ Tþ� ¼ S" and T�� ¼ T�þ ¼ S#.
The tunnel conductance in P(AP) alignment CPðAPÞ is then

given as

CPðAPÞ ¼ C0 ð1þ PLÞ 1þ ð�ÞPRf gS"
�

þð1þ PLÞ 1� ðþÞPRf gS#
�
;

(3)

where C0 is a conductance in the non-magnetic state. The

TMR ratio defined as TMR ¼ CP � CAPð Þ=CAP is given as,

073905-4 Tanaka et al. J. Appl. Phys. 110, 073905 (2011)
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TMR ¼ 2PRðPL þ RsÞ
1� PLPR þ PL � PRð ÞRs

; (4)

with

Rs ¼
S" � S#
S" þ S#

; (5)

where Rs represents the spin asymmetry of the tunneling

probability. The Eq. (4) is a modified Jullière’s TMR ratio.

The TMR ratio can be negative when PL þ Rs < 0 even for

junctions with PL;PR > 0. When Sr changes with tempera-

ture, the sign of PL þ Rs and of TMR ratio may reverse as a

function of temperature.

Now we specify the model system for the interaction

between a tunneling electron and a spin-cluster within the tun-

nel barrier (See the Appendix for more details). As the spin-

cluster, we take into consideration of two localized spins with

S ¼ 1=2 coupled each other by a parameter Jð> 0Þ, for sim-

plicity. Electrons transport from L-electrode to R-electrode

and interact with the localized spins within the insulator. The

interaction is characterized by a parameter Kð> 0Þ. Zeeman

energy, which is produced by ferromagnetic electrodes on

localized spins, is characterized by a parameter h.

By using the model, temperature dependence of the

TMR ratio and Rs may be argued as follows. Eigenvalues of

isolated localized spins within the insulator are �3J; J and

J6h. The first one is the eigenvalue of the singlet state, and

the latter three are those of triplet states being split by the

effective field. For argument below, let us use expressions

that "#ð Þ state denotes the singlet one, and ""ð Þ and ##ð Þ
states denote triplet ones with eigenvalues J � h and J þ h,

respectively.

At low temperature, tunneling electrons interact with the

ground state (singlet state) of the localized spins, because of

J > 0. Since there is no net local moment in the singlet state,

one might be inclined to think that there is no spin-dependence

in electron transmission through the insulator. We find it

incorrect when we take into consideration the intermediate

spin configurations caused by the interaction between

tunneling electrons and localized spins. When an " spin

electron interacts with the localized spins of the "#ð Þ state,

a configuration with a # spin electron and ""ð Þ localized

spins appears. On the other hand, when a # spin electron

interacts with the localized spins of the "#ð Þ state, a

configuration with " spin electron and ##ð Þ localized spins

appears. Because the energy of the ""ð Þ state is lower than

that of the ##ð Þ state due to the effective field, the " spin

electrons are easier to transmit the insulator than the # spin

electrons, that is, S" > S#.
At high temperature, tunneling electrons may interact

directly with the excited spin states of the localized spins.

When an " spin electron interacts with the first excited ""ð Þ
state, no intermediate spin configuration appears due to the

conservation of the total spins. When a # spin electron inter-

acts with the localized spins of the ""ð Þ state, several inter-

mediate spin configurations appear, which increases the

number of tunneling path, and as a result the conductance

increases. In addition, the interaction energy between a #
spin electron and the localized spins of the ""ð Þ state is lower

than that between an " spin electron and the localized spins

of the ""ð Þ state, because K > 0. Therefore, # spin electrons

become easier to transmit through the insulator than " spin

electrons, and we get S" < S#. With raising temperature, the

contribution of the ""ð Þ spin state increases gradually, and a

sign change in Rs may appear.

There are two important ingredients in the argument

above: one is a dynamical effect (transverse components) of

the interaction between tunneling electrons and localized

spins, and the other is a multisite interaction in localized

spins. In order to incorporate these ingredients into the calcu-

lation of the tunnel conductance, we adopt so-called many

body tight-binding method, which has been used to study a

dynamics of a single hole in antiferromagnetic back-

ground,34 and to calculate the conductance by using Kubo

formula.35 Here we apply it to the present system; a single

tunneling electron and two localized spins. Details are pre-

sented in the Appendix.

Figure 5 shows calculated results of TMR ratios for two

values of e0, bare energy level of two sites in the insulator on

which localized spins reside. Parameter values of K, J and h
are J ¼ 0:01;K ¼ 0:01, and h ¼ 0:018, respectively, in units

of the hopping integral t0 (�1 eV). These values are assumed

by taking into consideration that the sign change in TMR

ratios occurs around 102 K. Values of PL and PR are

assumed to be 0.2 and 0.5, respectively, by considering fol-

lowing experimental results. The observed TMR ratio 170%

for Fe/MgO/CoFe MTJs indicates that the effective spin

polarization Fe (R-electrode) is about 0.7, while the TMR

ratio in Fe/Al-O/Fe gives PFe � 0:3� 0:4 (Refs. 1 and 2).

Therefore, we take PR ¼ 0:5. The spin polarization of

Co2MnSn (L-electrode) could be rather small because the

TMR ratios observed are small. We have observed around

20% TMR ratio for some MTJs with Co2MnSn. In this case,

using the Jullière’s expression and PR ¼ 0:5, we obtain

PL � 0:2.

FIG. 5. (Color online) Calculated results of TMR ratios as a function of

temperature for two values of impurity level e0. Results of Rs with e0 ¼ 1:1
are also presented. Parameter values are J ¼ 0:01;K ¼ 0:01, and h ¼ 0:018.

(See the Appendix for details.) Inset shows a schematic figure for the posi-

tion of a spin-cluster in MTJs.
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Calculated results in Fig. 5 show that the TMR ratios are

enhanced at low temperatures and decrease with increasing

temperature and change the sign in some cases. Results with

open circles show the temperature dependence of Rs for

e0 ¼ 1:1. The sign change in the TMR ratios is caused by the

sign change in Rs as explained before. When e0 is large, the

effective energy levels of tunneling electrons are much

higher than the Fermi energy, and the temperature depend-

ence of the TMR ratio is weak, resulting in positive TMR

ratios for all the temperatures. When e0 becomes small, there

appears a sign change in the TMR ratio. We note that the

sign change with changing temperature does not appear in

the calculated results when the parameter PL is large. This is

why the sign change with changing temperature is not

observed for MTJs using high spin polarized electrodes, e.g.,

Co2MnSi.

Although our results can reproduce a sign change in the

TMR ratio with increasing temperature at zero bias voltage,

they are unable to reproduce the linear temperature depend-

ence in Fig. 4. A simple model containing only two localized

spins might be a possible reason. In the present choice of pa-

rameter values, the results do not produce a negative TMR

ratio for all temperature range. However, when we assume

that a parallel spin state of the triplet states is the ground

state, # spin electrons are much easier to tunnel through the

insulator, and the TMR ratio becomes negative for all the

temperature range. Since the value of e0 may be changed by

bias voltage, the temperature dependence of the TMR ratio

is also dependent on bias voltage.

Thus, we suggest that the intermediate states caused by

the dynamical interaction of tunneling electrons with local-

ized spins is quite important for the temperature dependence

of TMR ratios.

V. CONCLUSION

In this study, we performed the magnetoresistance meas-

urements for the epitaxial Fe/MgO/Co2MnSn MTJs at vari-

ous bias voltages and temperatures. The sign change of TMR

effect was observed for the TMR measurement as a function

of bias voltage. The sign change of TMR effect also occurred

with changing bias voltage. A modified Jullière’s model

which adopts an interaction between a tunneling electron and

localized spins of magnetic impurities in an insulator allows

the generation of positive and negative TMR ratios. These

results indicate that the reduction of electron scatterings

within the insulator will be key to enhance the TMR ratios.
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APPENDIX: MODEL AND FORMALISM FOR
TEMPERATURE DEPENDENCE OF TMR EFFECT

Figure 6 shows schematics of the MTJ. The quantity Sr

defined in section IV is evaluated for a one-dimensional lat-

tice which is divided into three parts, left (L)-chain, right

(R)-chain and an insulator. L-chain and R-chain correspond

to the left and right electrode, respectively. We assume that

two localized spins exist within the insulator and interact

with tunneling electrons. The Hamiltonian of the junction is

given as,

H ¼ HL þ HR þ Ht þ Hc; (A1)

where HL and HR are the Hamiltonian of L- and R-chains,

respectively, which are characterized by a hopping integral

t0, and

Ht ¼
X

r

tc†
mrc1r þ t0c†

2rcnr þ hc
� �

; (A2)

Hc ¼
X

ir

eirc†
ircir � s

X

r

c†
1rc2r þ c†

2rc1r
� �

þ
X

i¼1;2

KSiri þ JS1 � S2 �
X

i¼1;2

hiSiz:
(A3)

Here, Ht represents hopping of electrons between L(R)-

chain and site 1(2) within the insulator. Hc denotes the Ham-

iltonian for electrons and spins in the insulator; eir the

energy level on site ið¼ 1; 2Þ, s a hopping integral between

sites 1 and 2, K the interaction between localized spins S
and tunneling electron with spins r, and J the interaction

between localized spins. The last term is a Zeeman term in

which hi is an effective magnetic field acting on spins on the

i-th site. We assume that the effective field is produced by

ferromagnetic electrodes. We take into account both trans-

verse and longitudinal components of the interactions,

which are characterized by parameters K?;Kk, J?; and Jk. In

the following, we assume that both S and r are expressed by

Pauli matrices.

We formulate the tunnel conductance for parallel (P)

and antiparallel (AP) alignments of magnetizations on left

and right electrodes, assuming incoherent tunneling and pre-

paring basis functions which include states of both tunneling

electron and localized spins. In the present mode, we have

16 basis functions given as jnrli ¼ jnri � jli, where

n ¼ 1; 2; r ¼"; # and jli indicates singlet and triplet states of

two localized spins. This kind of formulation is called config-

uration interaction method or many-body tight-binding (TB)

FIG. 6. Model used to calculate the conductance of the junction which

includes two magnetic impurities within the insulator.
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method.34,35 Using these basis states, we prepare a variational

function w ¼ nrl anrljnrli, and express matrix element of the

Green’s function g12 analytically.

The meaning of the term jtg12t0j2r that is defined as Sr is

explained in a following way. An electron with spin r enters

to site 1 in the insulator from L electrode and hops to site 2

and goes out to R electrode. This is the process given by

tg12t0. A reversed process is given by tg12t0ð Þ†. In these proc-

esses the electron interacts with two localized spins. Since

there are many spin configurations, several hopping proc-

esses occur. Examples of hopping processes are given in

Fig. 7, where Fig. 7(a) shows a representation of the many-

body states, Fig. 7(b) shows a process in which tunneling

electron has # spin and the localized spins are parallel, and

Fig. 7(c) shows a process in which the tunneling electron

has " spin. We see that the former process has many inter-

mediate states.

Now we have two remarks. First, the tunneling process

of jtg12t0j2 is such a process that starts from the initial state

and ends at the final states via intermediate states of local-

ized spins. Therefore, the initial and final states should be

identical. Secondly, the tunneling electron does not interact

with all spin configurations in equal weight. Because the

weight may depend on temperature, we introduce a Boltz-

mann factor,

Sr ¼
X

l

Srle�ðEl�EGÞ=kBT ; (A4)

where l stands for the eigenstate of two localized spins, Srl

is a matrix element of jtg12t0j2r with l� th spin configuration,

EG the ground (singlet) state energy, and kB is the Boltzmann

constant.

Numerical results shown in Fig. 5 are calculated by

assuming that e1" ¼ e1# ¼ e2" ¼ e2# 	 e0, Jk ¼ J? 	 J ¼
0.01, Kk ¼ K? 	 K ¼ 0.01, and h1 ¼ h2 ¼ h ¼ 0:018, for

e0 ¼ 1:1� 1:15 in units of t0. Values of PL and PR are 0.2

and 0.5, respectively. Because t0 of metals or transition metal

oxides is of order 1 eV, so a value of energy 0.01 corre-

sponds 100 K. The values are chosen from the following

reasons. When the localized spins are produced by excess

electrons or holes around defects in a MgO layer, the interac-

tion J may be 0.001 eV (Ref. 36). On the other hand, when

they are produced by magnetic impurities, e.g., Co or Mn

mixed into the MgO layer, the value of J may be larger than

that between localized spins of excess electrons or holes

around defects, and of an order of the Curie or Néel tempera-

ture, that is J � 0.01 eV. Therefore, the parameter value

J ¼ 0:01 is reasonable. The details of the tunnel barrier are

included effectively in the parameters t; t0; s.

Because of the dynamical interaction of tunneling elec-

trons with localized spins, Rs or Sr are strongly temperature

dependent, and TMR ratio may change the sign with temper-

ature. In the present choice of parameter values, the ground

state is the singlet and the triplet states are excited ones.

Therefore, the tunneling electron interacts with the singlet

state at low temperature. With increasing temperature, the

second lowest energy state begins to contribute the tunnel-

ing, which is a triplet with parallel spins in the present case.

Then the number of tunneling channel of # spin electrons

increases as shown in Fig. 7(b). Increase of S# gives rise to a

negative value of Rs. It is noted that Sr is dependent on the

spin even when the tunneling electron interacts with the sin-

glet state, because intermediate states caused by the interac-

tion are not symmetrical with respect to the spin.
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