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In this paper, we study the effects of temperature and electron effective mass within the barrier on the bias

dependence and sign-change behaviour of the tunnelling magnetoresistance (TMR) in ferromagnetic junctions. A

significant decrease of the tunnelling magnetoresistance with increasing temperature is obtained, in accordance with the

experiments. In addition to the height of barrier potential (¢) discussed in our previous papers, the electron effective

mass (mp) within the barrier region is found to be another important factor that physically controls the sign-change
behaviour of the TMR. The critical voltage (V;) at which TMR changes sign will increase with ¢ and decrease with
mp. Furthermore, both the zero-bias TMR and V. will decrease if the temperature rises. These results would be of

practical use for experimental investigations.
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1. Introduction

Heterostructures consisting of two ferromagnetic
electrodes (FM) and an insulating barrier (I) are called
FM/I/FM junctions. Physically, they are character-
ized by a tunnelling magnetoresistance (TMR). Ear-
lier experimental investigations are mainly focused on
the TMR within a very small range of the applied
voltage. Recently, the behaviour of TMR under large
applied voltages has become particular interesting. In
1999, Sharma et all!l reported that the TMR for the
TasOs5 barrier junction decreases quickly with the bias
and changes its sign from positive to negative at a
high enough applied voltage. In contrast, the junction
with the same electrodes, but a different barrier (e.g.,
Al;03), always exhibits a positive TMR decaying with
In addition to
the strong bias-dependence, TMR is also found to be

the increase of the applied voltage.

highly affected by temperature, it can be reduced sig-
nificantly when the measuring temperature rises from

4.2K to room temperature.p’?’}

As to the theoretical part, the most widely used
models to describe electron tunnelling in FM/I/FM

junctions are the Jullicre model and Slonczewski

model.’! Both can explain the existence of TMR.
However, the former neglects the quantum coherence
among the barrier and the two electrodes, completely.
The latter is confined only to the zero-bias case al-
though it has taken into account the quantum coher-
ence. Therefore, neither of them is suitable for the
finite voltage case. Besides, Zhang et all%l have cal-
culated numerically the bias-dependence of TMR by
employing Airy functions, and their results show a
significant decrease of TMR with increasing voltage.
Regrettably, the sign change behaviour is not achieved

in this work.

In order to interpret the sign-change behaviour
observed experimentally, we have developed an alter-
native theory for bias-dependent tunnellingl”8! by ex-
tending the Slonczewski treatment!5! with a finite bias.
The results show that the strong bias-dependence and
sign-change behaviour of the TMR originate from the
quantum coherence in the FM/I/FM system. How-
ever, in our previous papers,[”® we did not consider
the effect of the variation of temperature and the in-
fluence of electron effective mass within the barrier re-
gion. Since all the experiments are performed at finite

temperature, and the effective mass of the electrons
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in the barrier is generally different from those in the
ferromagnetic electrodes, it is physically necessary to
take into account the effect of temperature and the in-
fluence of the electron effective mass for the FM/I/FM
system. This is the main task of the present paper.
We shall prove that the quantum coherence among the
barrier and the two ferromagnetic electrodes still ex-
ists at finite temperature, and remains to control the
decreasing and sign-change behaviour of the TMR. In
particular, we find that, apart from the barrier height
as pointed out in Ref.[7], the effective mass of the elec-
tron in the barrier is another important factor respon-
sible for the sign-change behaviour of the TMR.

2.Spintronic Hamiltonian and

tunnelling magnetoresistance

As in Refs.[7] and [8], we still adopt the free elec-
tron model with parabolic bands for the three regions
of the FM/I/FM system. Although this approxima-
tion cannot describe the details of the band structures
in real FM metals, it does correctly include the quan-
tum coherence in the junction, which has been proved
to be most important in spin-dependent tunnelling.!”!
Furthermore, we include the effect of temperature by
employing the Stoner model,[!%11] and treat the insu-
lating barrier as a simple spin-independent potential
barrier. This leads to the following spintronic tun-

nelling model:[”]

K2
Hy=— V% — o AL(T 1
L 2my, oL L( )) ( )
K2 9
Hg = —-V*°+ 2
B 2mp gb(w), ( )
K2 9
Hp = ——-V* — Ar(T) — €V 3
R 2mn OR R( ) € ()

with
¢ (x) = ¢L + (¢r — ¢ — €V)z/d. (4)

Here Hi,, Hr and Hp are, respectively, the Hamil-
tonians for the left electrode, the right electrode and
the barrier, ¢ (z) is the potential in the barrier re-
gion as shown in Fig.1, d is the barrier width, V is
the applied voltage, ¢1, and ¢ are the barrier poten-
tials at the left and right barrier/electrode interfaces
respectively. For simplicity, we introduce three dif-
ferent effective masses mp, mr and mp to describe
the electronic structures in the three regions. The
opL®) = %1 is used to denote, respectively, the up
and down spin states of the electron with respect to

the local spin-quantization axis of the left (right) fer-

romagnetic electrode. We have o1, = op if the mag-
netization orientations of the two FM electrodes are

parallel, and o, = —oR if antiparallel.

¢r — eV

eV

d T

Fig.1. A schematic potential for the FM/I/FM junc-
tion under the bias V' > 0.

The mean field Apg)(T) represents one half of
the exchange splitting between the two spin bands of
the left (right) ferromagnetic electrode.l®] As usual,
it can be determined by the Stoner model,[1%11] the
result is shown in Fig.2. Obviously, it is a monoton-
ically decreasing function of temperature 7. We will
see that this temperature dependence of Ay,gr)(T') can
impose a strong influence on the spintronic tunnelling

at finite temperature.

A(T)/ A(0)

Fig.2. The order parameter A(T)/A(0) versus the
reduced temperature t = T//Tc, where Epq = 10.0eV/,
kp,/krt = 0.15, Tg is the Curie temperature of the
FM electrodes.

With the above spintronic tunnelling model, the
transmission coefficient can be solved similarly to
Refs.[7] and [8] by matching both the wave functions
and the probability current densities quantum me-
chanically at the two interfaces between the barrier

and the ferromagnetic electrodes, which results in the
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tunnelling currents,

Jpay(V) = — e’f;zg / dEL / dE} Pp(a)(E%, EF,V)
x e 2 f(EY + EL)
— f(EY + Ef — V), (5)

where the subscripts P and A refer to the parallel and
antiparallel alignments of the two FM electrodes, re-
spectively. Here, the EL and EF represent the longi-
tudinal and lateral energies of the electron in the left
FM electrodes. The prefactor Ppa)(Ex, Ef, V) can

be expressed as

16%LT%RT(L) RLER

(Ei + ET%T) ( + kRTu))

IGELikRuT) K1, KR

(Ei + %124) ( + kmm)

PP(A)(EilaE%a V) =

(6)

)

and
2m 12 pd
ek ek vy = (52) 0 [ (R vie) s )
0
Loy (BY) = kpoy, (EL) /my, (8)
FRon (BY, EF,V) = kog (BEX, V) /mr,  (9)
Rr(EY,Ep) =k (E2,V,0) /mg, (10)
%R(E"IEJ’E}’V) =K (Efava d) /mB (11)
with

1/2
> E;" +O'LAL(T), (12)

R) VER + eV + onAn(T),
(13)
2mB

k (ED,V,2) =< 2 >1/2 p(z)— EB.  (14)

According to Ref.[12], the longitudinal energies EX in
Eq.(13) and EB in Eq.(14) can be determined by the
energy conservation and the conservation of the lateral

momentum, which gives rise to

EB®) — gL 4 gF <1 S > . (15)
MB(R)

Finally, the TMR can be obtained according to

the following definitions:

Grny (V) = T ) (16)
MR (v) = PV = GaV) ATV gy

Gp (V)

where Gp(a) (V) is the tunnelling current for parallel
(antiparallel) alignment, and AJ(V') the difference be-
tween Jp (V) and Ja (V).

that the above derivations are all formulated under

It is worthy to emphasize

a finite bias V, a finite temperature 7', and different
electron effective masses my,, mg and mg. Therefore,
the influences of these physical factors on the TMR
and its sign-change behaviour can be investigated sys-

tematically.
3. Numerical results and discus-
sions

Now, the numerical calculation of the TMR can
be performed by using Eqs.(5)—(17). For simplicity, we
will discuss the symmetric junction with mp, = mg =
m, ¢, = ¢r = ¢ and AL (T) = Agr(T) = A(T). The
following physical parameters are needed in numeri-
cal calculation: Epy, n%/k%T, kry/kpy, d, m,mg, t
(t = T/Tc) and T¢, where Epy represents the Fermi
energy of the spin-up electrons in the ferromagnetic
electrodes, the RF/ICFT = [¢ — 1 (0)] /Ep+ denotes the
relative barrier height with p (0) the chemical poten-
tial of the electrode at zero temperature, kg /kpy is
the ratio of the Fermi wave numbers for different spin
bands, d the barrier width, m and mg are the electron
effective masses in the FM electrodes and the barrier
respectively, t = T'/Tc is the reduced temperature of
the system, and T¢ the Curie temperature of the FM

electrodes.

First, we study the effect of temperature on TMR
and its sign change behaviour. The results are shown
in Fig.3 where we have simplified the calculation by
assuming my, = mg = mg = m. Obviously, at a given
temperature, the TMR decreases rapidly when the ap-
plied voltage increases, it will change from positive to
negative at a critical voltage V.. Moreover, with the
increase of temperature, the zero-bias TMR(V = 0)
drops significantly while the critical voltage V. reduces
slightly. The reason why the TMR can decrease and
change sign at a finite temperature as the applied volt-
age increases, has been interpreted in Ref.[8]. The
decreasing behaviours of the zero-bias TMR and the
critical voltage V. when temperature rises can be ex-

plained theoretically as follows.

In the simple case of my, = mr = mg = m, the
parameters 7, EL(R) and Kp,(gr) in Eqgs.(7)-(11) become
independent of the lateral energy EL, so that the pref-
actors Pp(EL, EF, V) and Po(EY, EF,V) do not de-

pend on EF. Therefore, the conductance difference
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between parallel and antiparallel alignments at zero

bias can be obtained

e2m

AG0) = A2 kg T

/ dEXAP(EL, 0)e 1 f (EY),
(18)

with f (Eg;) being the Fermi distribution function and

AP(EY,0)
N h_2 4 4I£L (kLT — kLi) (H% — kLTkLi)
~(zx) l 7 — a%(T) (1)

where we have used Egs.(8)—(11). It should be pointed
out that, in Eq.(19), both the x1, and ¢ are inde-
pendent of temperature, but kry and k| are tem-
perature dependent through the FM order parameter
A(T).
A(T) reduces monotonically as temperature rises. As
a result, the AP(EL,0) and AG(0) are both decreas-

ing functions of T'. Besides, Gp(0) will increase with

As shown in Fig.2, the FM order parameter

elevating temperature due to the thermal activation.
Therefore, the zero-bias TMR (= AG/Gp) will drop
significantly with increasing temperature, as shown in
Fig.3. This analytical discussion indicates that, phys-
ically, the drop of zero-bias TMR is mainly due to the
decrease of magnetization, i.e., order parameter A(T),

in the FM electrodes with elevating temperature.

TMR/%

i
0.0 0.4 0.8 1.2 1.6 2.0

Bias/V

Fig.3. The curves of TMR versus the bias V, with
Ep1=10.0eV, kpy/kpy = 0.15, k%./k%, = 0.3 and
d=1.5nm. Here and hereafter, we take Tc = 1200K
as the Curie temperature of the FM electrodes. The
curves A, B, C and D correspond to T'=0, 100, 200
and 300K, respectively. The inset shows the curve of
VevsT.

To understand the slight decrease of the critical
voltage V., one should notice that, at a finite temper-

ature, the tunnelling current difference AJ(V') can be

formulated as

em

AJ(V)=——%
V) Am2h3

dB;A(E;, V)D(E;,V)e "

1+ exp (,8 (,u - EQI;))
Xm<1+wMﬂm—E5—aw>‘”)

where 8 = 1/kgT with kg being the Boltzmann con-
stant. According to Ref.[7], the factor A(EL, V) keeps
positive regardless of the strength of the applied volt-
age V. The quantum coherence factor D(EL, V) can

be expressed as

D(E£’ V) = KZR(E£7 V) - kRT(E£’ V)kRi(E:IEJv V)a
(21)
it will control the sign change of AJ(V) with V. Ac-
tually, by solving D(EY,V = vg) = 0, the zero-point
voltage v (EQI;) for a given energy EL can be obtained

eve (EY) = ¢+ —- EL (22)
Obviously, vg (EHI;) is a decreasing function of T" due
to the decreasing behaviour of A(T). Therefore, there
will definitely exist a critical voltage V. for AJ(V) af-
ter performing the integration of Eq.(20), and V, is
also a decreasing function of temperature, as shown
in the inset of Fig.3.

In the previous paper,”! we have studied the re-
lationship between the critical voltage and the barrier
height at zero temperature. We found that the bar-
rier height controls the sign change of TMR. For fairly
high barrier potentials, the critical voltage increases
linearly with the barrier height. Within the present
tunnelling model, we can extend the study to finite

temperatures, the results are shown in Fig.4. We find

1.8 T T T

Qb

161 | 4: T=0K
B: T=200K
1.4} C: T=300K

g
=3
A(0)/Ep1=0.40
1.0 d=1.5nm i
0.8 i 1 1 1 1

0.30 0.35 0.40 0.45 0.50

[¢—1(0)])/Erq

Fig.4. The curves of critical voltage V. versus relative
potential height [¢ —  (0)] /Ep4 at different tempera-
tures T'=0, 200 and 300K.
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that this linear relationship still exists at finite tem-
peratures, which can also be easily understood from
the relationship between vg (Eg;) and ¢ as demon-
strated in Eq.(22). The linear dependence between
the critical voltage V. and the barrier height ¢ indi-
cates that, at finite temperatures, the barrier height

remains an important factor responsible for the sign-
change behaviour of the TMR.

Now, we turn to study the influence of the effec-
tive mass on the TMR and its sign-change behaviour.
For simplicity, we will discuss the symmetric case with
my, = mr = m, and adopt a different mass for the
electron within the barrier region, mg # m. The
numerical results are shown in Fig.5, where mpg/m
ranges from 0.1 to 1.0. As an overview, the variation
of my cannot change the monotonically decreasing be-
haviour of the TMR with the applied voltage, i.e. the
TMR always decreases with increasing bias, irrespec-
tive of the magnitude of mg/m. This implies that
the decreasing behaviour of the TMR with the bias
does not depend on the effective mass mg, which is in

agreement with the experiments.!]

However, the variation of mpg can strongly affect
both the zero-bias TMR and the critical voltage V.,
as can be easily seen from Fig.5.

Physically, the decrease of the zero-bias TMR
with mp reflects the renormalization effect of the
lateral energy on the height of barrier potential,
which can be seen from the reformulated expression

of Eq.(14),
k(B By, V)

2mp V2 T
—(22) " T S o - V) - BE (29

where

$=¢+E%<mﬁ—1)

B

(24)

Obviously, ¢

includes the influence of the lateral energy EF, it re-

represents the renormalized potential.

duces to ¢ if mgp = m. As is well known, the higher
the barrier potential, the larger the tunnelling magne-
toresistance. Since 5 increases as mp gets lighter, the
zero-bias TMR will increase with the decrease of mg,

as shown in Fig.5.

40 = -

L
-

fary

o

o

o

st o b o 0 o 1 o & o 1 o 0 o 1 o0 4
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~
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B: / ¥
| |C: mp/m=0.3 v \ B
D: mg/m=0.4 ¢ [
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s () = (b)
-20 a 1 N 1 N | S — -2
0.0 0.5 1.0 1.5 0.0 0.2 0.4 0.6 0.8
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Fig.5. Curves of TMR versus the bias V' for different effective mass mp/m ranging from 0.1 to 1.0,
with Epqy = 10.0eV, kg /kps = 0.18, n%/kQFT = 0.2, d=1.5nm and T = 300K. (a) The curves for
mp/m = 0.1, 0.2, 0.3, 0.4 and 0.5. (b) The curves for mg/m = 0.6, 0.7, 0.8, 0.9 and 1.0.
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Figure 5 shows that, the lighter the effective mass
This

behaviour can also be understood analytically. After

mg, the larger the critical voltage V. will be.

some algebraic manipulations, we can formulate the
current difference AJ(V) as

L
7r2h3/ dE;

x / dEFA(EY, EX,V)D(EY, EX, V)e "

AJ(V) =

x [f(Ey + EY) — f(Ey + Ep —eV)] ,(25)

where the factor A(EL, EF V) is positive for any V.[7]
The quantum coherence factor D(EL, EF, V) is

D(E;,Ey,V) =rg(Ey, By, V)
- kRT(Ez ) EtLa V)’];Rl(EL Et 7V)
(26)

It can be rewritten as

2~
DL, B V) =i — [ 6= (v + BY)]
ey )
(27)
where we have used Egs.(9), (11), (13), (14), (15) and

(24). We note that, the present quantum coherence
factor D(ELY, EF, V) in Eq.(26) has included the influ-
ence of the electron effective mass inside the barrier,
it is an extension of the one given in Ref.[7] where
mp = m. Equation (27) indicates that D(EY, EF, V)
is a decreasing function of V for any EX and EF, and
it will change sign if V is large enough. This explains
the fact that the critical voltage V. for TMR still ex-
ists even if mp/m < 1. Furthermore, it can be found
that, when mpg/m < 1, V. is mainly controlled by
the first term on the right hand side of Eq.(27). As
pointed out above, the renormalized potential (Z be-
Therefore, the de-

crease of mpg will result in a significant increase of the

comes larger when mgp decreases.

critical voltage V¢, as shown in Fig.5.

On the other hand, it can be found from Fig.5
that the decreasing rate of the TMR with the applied
voltage V' becomes slow as mp reduces, which demon-
strates that the decreasing behaviour of the TMR with
the applied voltage is strongly affected by the bar-
rier parameters. This feature of the bias dependence

of TMR is in accordance with the experimental fact

that the V;,, at which TMR(V;,2) = TMR(0)/2 is
almost independent of the electrode material, but is
mainly affected by the barrier parameters, '3 partic-
ularly, the barrier height and the effective mass inside

the barrier.®!

Finally, it is worth pointing out that, when the ef-
fective mass mgp is very small, the TMR will keep pos-
itive even if the applied voltage is considerably high,
just like curves A and B in Fig.5. This property sug-
gests that, within the experimental measurable range
of the applied voltage, the TMR will not undergo any
sign change in the junction with a very small effective
mass mg. It indicates that, in addition to the height
of the barrier potential, the effective mass of the elec-
tron within the barrier region is another factor that
can strongly influence the sign-change behaviour of
the TMR. In other words, the barrier height ¢ and
the electron effective mass in the barrier mg will co-
operate to control the sign change of the TMR. As an
example of this cooperation effect, we show that the
junction with AlyOj3 barrier always exhibits positive
TMR without any sign change, that is because Al;Og3
has a very small electron effective mass'¥ and quite

a large work function.[*?]
4. Conclusion

In conclusion, the effects of temperature and elec-
tron effective mass within the barrier on the bias de-
pendence and sign-change behaviour of the tunnelling
magnetoresistance in FM/I/FM junctions have been
studied, based on a microscopic bias-dependent model
for spintronic tunnelling. The results show that the
zero-bias TMR and the rate of change for the TMR
versus the bias are depressed by the thermal fluctua-
tions when temperature rises, but the TMR can also
change its sign at finite temperatures with the criti-
cal voltage being just slightly reduced. On the other
hand, the relationship between the barrier height and
the critical voltage at a finite temperature indicates
that it is also an important factor for the sign change
of TMR. As to the influence of the electron effective
mass within the barrier region, we find that it can im-
pose strong influences on the sign change of TMR. It
turns out that the barrier height and the effective mass
are the two important factors which in effect control
the sign-change behaviour of the TMR.
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