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We conduct a theoretical study of the temperature dependence of the spin polarization (P) and the
magnetoresistance (MR) ratio using the double exchange (DE) model for ferromagnetic tunnel junctions
with half-metallic systems. It is shown that the strong exchange coupling in the DE model plays an
important role in the temperature dependence of both P and the MR ratio; their values can be less than
the maximum values expected for half-metallic systems at low temperatures, and the MR ratio decreases
more rapidly than P with increasing temperature. The calculated results, however, indicate that the MR
ratio may till be large at high temperatures near the Curie temperature.

PACS numbers: 75.70.Pa, 73.40.Rw

Magnetoresistance (MR) of ferromagnetic tunnel junc-
tions (FTJ's) [1,2] has recently attracted much interest due
to potential applications such as magnetic sensors and high
density magnetic memories. A simpleinterpretation of the
MR ratio observed at low temperatures is given by the fol-
lowing formula [3,4]:
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where Rpp and Rp are the resistances with antiparallel
(AP) and paradlel (P) alignments of the magnetization of
the electrodes, respectively, and P denotes the spin polar-
ization of the electrodes [5]. (Here we assume symmetric
FTJs.) Thelargest MR ratio isthen given for the so-called
half-metallic ferromagnets where P = 1, that is, only one
spin component has nonzero density of states (DOS) at the
Fermi level. The ab initio band cal cul ations have predicted
so far that Heusler compounds [6] and several metallic ox-
ides such as CrO, [7] and (La-Sr)MnO; [8,9] show the
half-metallicity. Therefore, it isnatural to utilize these ma-
terias for electrodes of FTJ s to obtain a high MR ratio.
Lu et al. [10] and Viret et al. [11] fabricated FTJ s using
(La-Sr)MnO; to obtain MR ratios as high as 0.44 and 0.8,
respectively. However, the MR ratio has been found to
decrease rapidly with increasing temperature (7) and to
vanish far below the Curie temperature (Tc). The basisfor
the rapid decrease in the MR ratio with T may be simi-
lar to that in the case of the intergrain MR of perovskite
manganites; Park et al. [12], on the basis of spin resolved
photoemission experiments, have suggested that the rapid
decreasein theintergrain MR [13] withincreasing T’ isdue
to a much stronger T dependence of P at interfaces than
that of the bulk.

Furthermore, the value of P itself at low temperaturesis
anissueto be resolved. Wei et al. [14] and Park et al. [15]
have reported evidence of the half-metallicity of perovskite
manganites from scanning tunneling microscopy and spin
resolved photoemission experiments, respectively. In con-
trast, recent measurement of P through amethod involving
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point contact between a ferromagnet and a superconduc-
tor has shown that P ~ 0.8 for manganites [16,17], being
consistent with the MR ratio observed [11]. Therefore,
in order to clarify the characteristics of the tunnel MR of
FTJs, it is of interest to calculate the T dependence of P
at interfaces of FTJ s and to study their interrelation.

It is well known that the basic physics of manganites
resides in the so-called double exchange (DE) model [18],
though the orbital degree of freedom and the Jahn-Teller
effect in manganites are responsible for the variety of mag-
netic states and the colossal MR near T¢ [19,20]. The
DE model, however, contains many-body interaction and
its ground state properties are not fully understood yet as
shown in arecent numerical study on the DE model [21].
In view of these circumstances, here we focus our atten-
tion on how Hund' s rule (exchange) coupling between the
itinerant electrons and localized spins in the DE model in-
fluences the T dependence of P and the MR ratio, and we
treat it in an approximate way where the exchange cou-
pling is dealt with as spin fluctuations (SF) acting on the
tunneling electrons at the interfaces. In the following, we
calculate the values of P and the tunnel conductance I in
the linear response theory (Kubo formul@) [22] and study
the interrelation between the MR ratio and P. We will
show that the exchange coupling has an intrinsic effect on
the T dependence of the MR ratio and P in these FTJ's
and that the MR ratio depends more strongly on tempera-
ture than P does. Nevertheless, the MR ratio may be large
enough even at high temperatures.

We consider a FTJ comprised of two semi-infinite ferro-
magnets (FM) separated by athin insulator (1) on asimple
cubic lattice. The Hamiltonian of the double-exchange
model generalized for the FTJis given as
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where r and v are the nearest neighbor hopping and the
potential within |, respectively, and the last term denotes
the Hund' s rule coupling between the localized spin S; and
the itinerant electron spin o; with a positive value of K.
The localized spins are taken to be § = 3/2. The other
notations are standard.

In order to treat the exchange coupling, we adopt the
local approximation developed by Kubo [23] and followed
later by Takahashi and Mitsui [24]. The exchange interac-
tion is rewritten as
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with V77 = o(SF — (s5), V' =57, and V! =S/,
where (- --) denotes the thermal average. We treat V7
perturbatively in the self-consistent Born approximation
where terms such as (V77 V7 7) are retained as SF acti ng
on the itinerant electrons subject to that (veoy =o.
In this approximation, the Green's function G;; of the
itinerant electrons is normalized by summing up the
infinite power series of (V77 V7 ) to give the self-energy
as Y, (VZTGZ V7). The Green's function is thus
calculated self-consistently for a given T dependence
of (§%) and SF. The sdlf-consistency, however, is not
satisfied between the magnetic state of localized spin and
the electronic state of the itinerant spins; that is, the Curie
temperature is taken as a given parameter.

Despite the approximation to the exchange interaction,
the treatment of this term still meets a difficulty due to
nonexistence of the translational invariance of the FTJs.
The difficulty may be avoided by including the effect of SF
a the interfacial layers only. The approximation may be
justified when we note that the tunnel MR is governed by
the electronic and magnetic states at the interfaces as sug-
gested by several experimental and theoretical results; the
experiments show that the MR ratio is strongly influenced
by magnon excitations [25], and theories show that the
tunnel conductance is correlated with the interfacial elec-
tronic state[26] and is affected by the interfacial roughness
[27]. Asthe SF may be considered to be thermally induced
disorder, its effect on the electronic state of the tunneling
electrons may be the largest at the interfaces. Although
we use the bulk values of (S*) and SF, the contribution of
the SF relative to that of (S?) can be properly included, at
least, qualitatively, in our treatment.

The expression I" given by the Kubo formula is rewrit-
teninterms of intra- and interlayer Green’s functions [22],
which are calculated by the adlayering method [28]. The
vertex correction is taken into account in a way which is
consistent with that used for the self-energy [27]. The
asymmetry of the transverse SF terms, however, breaks
the current conservation in the AP alignment of the mag-
netization of FTJ' s even though the vertex function is de-
termined self-consistently. This fact has not been noticed
in previous work [23,24]. Therefore, we apply a semiclas-
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sical approximation suchthat (S*S~) = (S~ §*) ~ §2 —
((S%)?). This approximation may not be unreasonable ex-
cept for low temperatures as the spin values S are large
in our case. The current conservation has been confirmed
numerically as well.

In the calculations, we chose two values of Fermi level,
Er = —5t and —4¢ (see Fig. 1 inset), K = 2¢, the bar-
rier height ® = 2¢, and barrier thickness d = 5a with a
lattice constant a for a simple cubic lattice. The number
of itinerant electrons is thus determined to be 0.08 and
0.16 per atom for Er = —5¢ and —4¢, respectively. We
have neglected the T dependence of the Fermi distribution
function. A small shift of the Fermi level caused by the
T dependence of the exchange splitting has been adjusted
by shifting the energy bands to avoid a less interesting T
dependence of the MR ratio.

Figure 1 showsthe T' dependence of the spin polarization
P = (D; — D))/(Dy + D)) a theinterfaces, D,, being the
interfacial DOS for the itinerant electrons. The solid and
broken curves are the calculated values of P with and with-
out SF, respectively. When Eg = —5t¢, the bulk electrodes
are half-metallic up to ~0.4T¢, and therefore the thick
broken curve shows P = 1 below ~0.4Tc. When the
half-metallicity is lost as the exchange splitting = K(S%)/2
decreases, the value of P begins to decrease. As shown by
the thick solid curve, SF makes P smaller than 1 even at
low temperatures and its T dependence is stronger above
~0.4T¢ than that of P without SF. A similar tendency
can be seen in results for Eg = —4¢. Thus, both the dis-
appearance of the half-metallicity and the existence of SF
are responsible for the strong T dependence of P. A linear
T dependence at low temperatures is due to the classical
approximation. A quantum treatment at low temperatures
will reduce the value of P further, as discussed |ater.

Figure 2 shows the calculated results of the tunnel MR
ratio as functions of T/Tc. When Egp = —5¢, the MR
ratio without SF (thick broken curve) takes the maximum
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FIG. 1. Temperature dependence of P with (solid curves) and
without (broken curves) spin fluctuations for Ex = —5t¢ (thick

curves) and —4¢ (thin curves). The inset shows the density of
states of the bulk electrodes.
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FIG. 2. Temperature dependence of the MR ratio with (solid
curves) and without (broken curves) spin fluctuation for Er =
—5t (thick curves) and —4¢ (thin curves). The inset is the MR
ratio as a function of the square of the magnetization M of the
bulk electrodes.

value 1 below ~0.4T¢ and decreases rapidly above this
temperature where the half-metalicity is lost. Inclusion
of SF makes the MR ratio smaller than that without SF
for T < 0.7T¢ as shown by the thick solid curve. The
origin of the strong T dependence of the MR ratio for
half-metallic electrodes is the same with that of the T
dependence of P. In contrast, when Er = —4t, the MR
ratio decreases gradually with increasing temperature. A
small difference between the solid and broken curves in
this case may be due to a cancellation of two effects; a
decrease in the MR ratio due to spin flip tunneling and an
increase in the MR ratio due to diffusive tunneling [27],
both of which are caused by SF.

It is worthwhile to note that the T dependence of the
MR ratio for half-metallic electrodes at high temperatures
issimilar to that for normal ferromagnetic electrodes. This
indicates that the MR ratio for FTJ s with haf-metallic
electrodes can be large even at high temperatures near
Tc. Thisresult is in agreement with recent experiments
on FTJ s with manganites [29], where the MR ratio does
not vanish even at high temperatures near 7c. The in-
set in Fig. 2 shows the MR ratio vs M? with M being
the magnetization of the electrodes. We see the MR ra-
tio «M? approximately. Noting that the intergrain tunnel
MR in pyrochlore TI,Mn,O; [13] and double perovskite
Sr,FeMoMnOg [30] shows a power law behavior, indi-
cating that the interfacial effects on magnetism may be
smaller, FTJ s with these materials might show alarge MR
ratio at temperatures close to 7¢.

Deeper insight into the T dependence of the MR ratio
can be obtained by plotting the spin dependent conduc-
tance as a function of 7, as shown in Fig. 3. The increase
inI" above T = 0.4T¢ is due to the disappearance of the
half-metallicity and the decreasein I" above T = 0.77¢ is
due to SF. One should note that the SF makes I'p; smaller
with T at low temperatures, but I'pt increases with 7 in
this temperature range.

T [e*/h x107]

FIG. 3. Spin dependent conductances of P and AP alignments.
The direction of the magnetization of the FM which electrons
are incident from is chosen as the spin quantization axis.

The MR ratio can be estimated by using Eq. (1) with the
values of P given in Fig. 1. The estimated values are the
same as the MR ratio shown in Fig. 2 only qualitatively.
The difference between these results originates from the
treatment of I" including vertex corrections.

The effects of spin flip tunneling due to SF on the MR
ratio can be more clearly seen when we increase the trans-
verse components of the exchange coupling K+, keeping
the longitudinal component K, = 2¢ constant. In Fig. 4,
we show the calculated results for the MR ratio where
Ki_— = 2t, 3t, and 4t for both Er = —5¢ (thick curves)
and —4¢ (thin curves). Wefind that the decreaseinthe MR
ratio becomes greater as K +_ increases, indicating that SF
may reduce the power law dependence of the MR ratio
onM.

In order to evaluate the MR ratio at low temperatures
where the quantum effect is crucial, we first study the bulk
electronic state at a low carrier density limit, adopting a
variational method. We take the fully polarized ferromag-
netic state of the localized spins as a vacuum |0). When

MR ratio
o o
~ o))

e
o

FIG. 4. MR ratio for larger values of the coupling constant
in the Hund’s rule coupling K+ —; K+— = 2¢ (solid curves), 3t
(broken curves), and 4 (chained curves) for Er = —5¢ (thick
curves) and —4¢ (thin curves).
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an up spin carrier is introduced to |0), the wave function
with amomentum k isgivensimply as |k 1) = c,}lO). On
the other hand, the wave function of a down spin electron
introduced into |0) may be given as

1
Ik |) ~ (Akc.h + J—N%Bk_oci_mbé)l(», 4

because the down spin electron is able to couple to the

magnon excitations. Here, ba is a creation operator of a
magnon with wave vector Q. Equation (4) is the varia-
tional function for the down spin electron to minimize the
energy with respect to the coefficients Ax and Bx—_q. By
using Eq. (4), the Hamiltonian is diagonalized for 144 k
points for a sguare lattice, for simplicity, with K = 2.
We find that the DOS for the down spin state hybridizes
with that of the up spin state, as already pointed out by
several authors [23,24].

The MR ratio in the dilute limit of the carrier density
can be calculated in the following way, using the tunnel
Hamiltonian method. By noting that the tunneling electron
is a bare electron instead of a magnetic polaron as given
in Eqg. (4) and that the electron with momentum k = 0
contributes dominantly to the tunnel conductance I'p(ap),
weget I'p = 1 + |Ag=ol? and ['xp = 2|Ak=¢| leading to
the MR ratio:

AR _Ip —Tap _ (01— |Ak=0)? ®)
Rap Ip 1+ |Ak=ol?

The MR ratio thus calculated for K = 2¢ is 0.83. By in-
creasing the value of K, the MR ratio decreases, in accor-
dance with the genera trend shown in Fig. 4. One should
note that no spin flip tunneling is included in this method.
The decrease in the MR ratio originates from the intrin-
sic properties of the ground state of the double exchange
model. The MR ratio thus calculated is reasonabl e as com-
pared with the experimental values of P at low tempera-
tures [11,16]. As the present treatment may be suitable
in the case of pyrochlore manganites where the density of
itinerant electrons is quite small, it may be interesting to
measure P of these materials by the point contact method.
Summarizing, we have studied the temperature depen-
dence of the MR ratio using the DE model for the FTJs
with half-metallic manganites in mind. It has been shown
that the strong exchange coupling in the DE model plays
animportant role in the temperature dependence of the MR
ratio aswell as P; that is, both P and the MR ratio can be
less than their maximum val ues expected for half-metallic
systems at low temperatures, and they decrease rapidly
around temperatures where the half-metallicity disappears.
Although the T dependence of the MR ratio is similar to
that of P, the MR ratio decreases more rapidly than P does
with increasing temperature. The present results indicate
that the MR ratio can be large enough at high tempera-
tures near Tc when the exchange coupling is relatively
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weak. It should be noted that no spin flip tunnel matrix
elements have been introduced in our framework, contrary
to the work done by Lyu et al. [31]. Finaly, we stress
here the importance of the role of the exchange coupling
intrinsically existing in the DE model. A self-consistency
between itinerant electrons and localized spins may be a
future problem. The existence of the half-metallicity at the
ground state should also be examined theoretically [32].
The authors thank David Edwards and Albert Fert
for useful discussions. This work was supported by
Grants-in-Aid for Scientific Research on a Priority-
Area “Spin Controlled Semiconductor Nanostructures’
(No. 09244103), “Nanoscae Magnetism and Transport”
(No. 281), and for Creative Basic Research (08NP1201)
from the Ministry of Education, Science, Culture and

Sports of Japan.

[1] T. Miyazaki and N. Tezuka, J. Magn. Magn. Mater. 139,
L231 (1995).
[2] J.S. Moodera et al., Phys. Rev. Lett. 74, 3273 (1995).
[3] M. dulliere, Phys. Lett. 54A, 225 (1975).
[4] S. Maekawa and U. Géfvert, IEEE Trans. Magn. 18, 707
(1982).
[5] R. Meservey and P. M. Tedrow, Phys. Rep. 238, 173 (1994).
[6] R.A. de Groot et al., Phys. Rev. Lett. 50, 2024 (1983).
[7] K. Schwarz, J. Phys. F 16, L211 (1986).
[8] S. Satpathy et al., Phys. Rev. Lett. 76, 960 (1996).
[9] A.M. Bratkovsky, Phys. Rev. B 56, 2344 (1997).
[10] Yu Lu et al., Phys. Rev. B 54, R8357 (1996).
[11] M. Viret et al., Europhys. Lett. 39, 545 (1997).
[12] J-H. Park et al., Phys. Rev. Lett. 81, 1953 (1998).
[13] H.Y. Hwang et al., Phys. Rev. Lett. 77, 2041 (1996).
[14] J.Y.T. Wei et al., Phys. Rev. Lett. 79, 5150 (1997).
[15] J-H. Park et al., Nature (London) 392, 794 (1998).
[16] R.J. Soulen, Jr. et al., Science 282, 85 (1998).
[17] S.K. Upadhyay et al., Phys. Rev. Lett. 81, 3247 (1998).
[18] C. Zener, Phys. Rev. 82, 403 (1951).
[19] S. Ishihara et al., Phys. Rev. B 55, 8280 (1997).
[20] A.J. Millis et al., Phys. Rev. Lett. 74, 5144 (1995).
[21] A. Moreo et al., Science 283, 2034 (1999).
[22] R. Kubo, J. Phys. Soc. Jpn. 12, 570 (1957); P. Lee and
D.S. Fisher, Phys. Rev. Lett. 47, 882 (1981).
[23] K. Kubo, J. Phys. Soc. Jon. 36, 32 (1974); see daso
K. Kubo and N. Ohata, J. Phys. Soc. Jpn. 33, 21 (1972).
[24] M. Takahashi and K. Mitsui, Phys. Rev. B 54, 11298
(1996).
[25] J.S. Moodera et al., Phys. Rev. Lett. 80, 2941 (1998);
S. Zhang et al., Phys. Rev. Lett. 79, 3744 (1997).
[26] E.Yu. Tsymbal and D. G. Pettifor, J. Phys. Condens. Matter
9, L411 (1997).
[27] H. Itoh et al., J. Phys. Soc. Jpn. 68, 1632 (1999).
[28] J. Mathon et al., Phys. Rev. B 52, R6983 (1995).
[29] T. Obata et al., Appl. Phys. Lett. 74, 290 (1999).
[30] K.-I. Kobayashi et al., Nature (London) 395, 677 (1998).
[31] P Lyu et al., Phys. Rev. B 58, 54 (1998).
[32] R.E.BruntonandD.M. Edwards, J. Phys. Condens. Matter
10, 5421 (1998).



