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A zero bias anomaly is observed at low temperatures in the current-voltage characteristics of
ferromagnetic tunnel junctions; the drop in the junction resistance with increasing bias voltage is
greater for antiparallel alignment of the magnetic moments of the magnetic electrodes than for
parallel alignment. The resulting decrease in the magnetoresistance of the junction is accounted fo
by spin excitations localized at the interfaces between the magnetic electrodes and the tunnel barrier
[S0031-9007(97)04443-8]

PACS numbers: 73.40.Cg, 73.50.Bk, 75.70.Pa
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While the phenomenon of magnetoresistance in ferr
magnetic tunnel junctions (which we call junction magne
toresistance, JMR) was identified two decades ago [1,
it is only recently that one has been able to grow jun
tions with reproducible characteristics [3–5]. Within th
framework of the transfer Hamiltonian method [6,7] th
direct elastic tunneling current is proportional to the su
of the products of the densities of states of itinerant ele
trons at the Fermi level at the left and right magnetic ele
trodes for each spin channel [8]. This simple picture h
been successful in interpreting current-voltage (I-V ) char-
acteristics for ferromagnet-insulator-superconductor a
magnetic tunnel junctions (MTJ) [9] at low bias volt
age of the order of a few millivolts. Recently, Mood
eraet al. [3] and Parkinet al. [5] found that the JMR is
strongly reduced when the applied junction bias volta
is of the order of a fewhundredmillivolts. In this Let-
ter, we present the voltage and temperature depende
of the JMR in magnetic tunnel junctions, and we pro
pose that a zero bias anomaly seen below 150 mV is d
to hot electrons producing excitations which reduce t
magnetoresistance.

We have fabricated junctions whose magnetic ele
trodes consist of Fe, Co, Ni, and their alloys. Detai
of the experimental procedure as well as characteriz
tion of the magnetic and structure properties of the
junctions have been published elsewhere [5]. In Fig.
we show typicalI-V curves for a junction composed o
CoyAl 2O3yCoFe. The main features in this figure are
(1) While the resistance for both parallel (P) and an
parallel (AP) alignment of the magnetization of the tw
electrodes drops as the applied voltage increases, the
cline is more pronounced for the AP alignment; (2) th
resistance decreases with temperature rather significan
In Fig. 1 we notice a rapid decline in the resistance
the junction with a width of about 150 mV; we have
called this the “zero bias anomaly.” This is superim
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posed on the drop in resistance ordinarily seen in tunn
junctions inasmuch as it cannot be ascribed to lowering o
the barrier height for such low voltages [10]. This large
an energy width for this anomaly is unusual; it seem
to persist to room temperature. One cannot explain th
either by electron-electron interactions as in disordere
media which leads to conductance dips [11] or by para
magnetic impurities at interfaces which causes condu
tance peaks [12]. Another mechanism is the possibility o
small metallic inclusions in the barrier region [13]; how-
ever, it is unclear if this produces any spin dependenc
These mechanisms are restricted to low temperatures w
much smaller bias voltages on the order of several mill
volts. Since the energy scale involved in this anomaly i
the same order of the magnetic excitations, which is ap
proximately the Curie temperature, we propose that itine
ant tunnel electrons with excess energies above the Fer
level (due to the applied voltage), known as “hot elec
trons,” produce collective excitations of local spins at th
interface between the insulating barrier and the magnet

FIG. 1. Resistance as a function of voltage bias at (a)T ­
4.2 K and (b)T ­ 210 K for parallel (P, lower curves) and
antiparallel (AP, upper curves) alignments of magnetizatio
of the two electrodes made of Co and CoFe. The drop i
resistance forV # 150 mV is referred to as the zero bias
anomaly.
© 1997 The American Physical Society
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electrodes that are responsible for the reduction of mag
toresistance and hence the “zero bias anomaly.” A sim
inelastic-tunneling process in antiferromagnetic NiO b
riers has been studied by Tsuiet al. [14], and it has been
recently emphasized by Mooderaet al. [3]. By compari-
son with experimental data, we find our theory can re
sonably account for the zero bias anomaly, i.e., for d
with applied voltage less than 200 mV.

The conventional explanation for the zero bias JM
observed for ferromagnetic transition-metal electrod
is based on modeling the conduction in the magne
electrodes by thes-d exchange Hamiltonian [15,16], an
invoking the transfer Hamiltonian across the insulati
barrier. Thes-d exchange Hamiltonian between itinera
s and localizedd electrons is

Ha ­
X
ks

ea
ksca1

ks ca
ks 1 Eg , (1)
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where

ea
ks ­ ea

k 1 s
X

i

Z
d3r kSa

i ljasr 2 Rid expsik ? Rid ,

(2)
a labels left (L) and right (R) electrodes,cks is the an-
nihilation operator of itinerant electrons,Si is the spin
operator for localizedd electrons,jasr 2 Rid represents
the s-d exchange, andEg is the energy of the localized
spins. The energy due to the external field used to pr
duce parallel and antiparallel alignments of the magnet
electrodes, several hundred oersted, is 2 to 3 orders
magnitude smaller than the magnon energyvq (see be-
low); we will neglect it.

The barrier Hamiltonian, which leads to the transfe
of electrons between left and right electrodes, and whic
includes magnetic excitations in the transfer, due tos-d
exchange between local and itinerant electrons at th
interfaces, is written as
HB ­
X

kk0,s

T d
kk0scL1

ks cR
k0s 1 H.c.d 1

1
N1y2

X
kk0q

TJ
kk0qfSz

Rsqd 1 Sz
Lsqdg scL1
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k0" 2 cL1
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1
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X
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2SL aL1

q 1
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2SR aR1
q d 1 H.c.g , (3)
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where Sz
asqd ­ Sa 2 aa1

q aa
q (a ­ L, R), and aq ­

s1y
p

2SN d
P

i[I expsiq ? RidS
s1d
i is the magnon annihi-

lation operator. As the summation overi is restricted
to sites at the interfaces between the insulator and el
trodes, the magnon wave vectorq in Eq. (3) is restricted
to two dimensions parallel to the interface. We do n
intend to calculate these matrix elements which repres
direct sT dd and spin-dependentsTJ d transfers; instead,
we assume them to be adjustable parametersTd and T J ,
since the magnitude of the resistance is not our prima
concern. We fixTd by fitting our expressions to the JMR
at low temperature and zero bias, thereby leaving o
adjustable parameter,TJ , to fit the reduction of the JMR
with finite applied voltage and temperatures. Also, w
will consider only incoherent tunneling, where the wav
vector k is independent ofk0 in Eq. (3); because the
insulator is amorphous and the interfaces are rough t
will be more appropriate than coherent tunneling whe
k ­ k0 andk ­ k0 6 q in Eq. (3).

With these simplifications it is reasonably straightfo
ward to calculate tunnel currents based on our trans
Hamiltonian Eq. (3) along with the electrode Hamilton
ian, Eq. (1). By retaining terms up to second order in th
transfer matrix elements (these matrix elements are ex
nentially small) the contributions to the current from th
first two terms in Eq. (3) are the same as the usual tunn
ing current,

j12 ­
4pe

h̄

Z
dvfjT d j2 1 sS2

L 1 S2
Rd jTJj2g

3 rs
L svdrs

R sv 1 eV d

3 f fsvd 2 fsv 1 eV dg , (4)
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wherers
a svd is the density of states ofitinerant electrons

in the a electrode for spins, V is the applied voltage
across the junction, andfsvd is the Fermi distribution
function. The current from the third term in Eq. (3)
involves emission and absorption of magnons; there a
eight processes: four of them represent electron trans
from left to right electrodes, which correspond to the
emission and absorption of magnons at the left and rig
interfacesof the barrier with the electrodes. For example
a term which represents the emission of a magnon
the interface of the barrier with the right electrode for a
parallel alignment (P alignment) of the magnetizations o
the electrodes and for an applied voltage that raises t
Fermi level of the right electrode above the left one, is

j
s1d
3 ­

4pe
h̄Ns

X
q

Z
dv 2jTJ j2SRrm

L svd

3 rM
R sv 1 eV 2 vqdfLsvd

3 f1 2 fRsv 1 eV 2 vqdg kaR
q aR1

q l ,

(5)

where Ns is the number of spins at the interfaces,rm
a

and rM
a are density of states for itinerant minority and

majority electrons,vq is the magnon spectrum at the
interfaces, andk l denotes the thermodynamic average o
the magnon spectrum

kaa
q aa1

q l ­ 1 1 kaa1
q aa

q l ­ 1 1 na
q , (6)

where na
q ­ sebva

q 2 1d21 represents the number of
interface magnons with wave vectorq. The other seven
termsj

sid
3 (i ­ 2 8) can be similarly written down.
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In principle, we could evaluate these terms by insertin
correct density of states, transfer matrix elements a
magnon spectra, in order to explain theI-V characteristics
in Fig. 1. However, as we have mentioned earlier, the
quantities are not well known for the junctions w
fabricated. Therefore, welimit our discussion to low bias
voltages, e.g., smaller than 200 mV, where we expect
transfer matrix elements and density of states of itinera
3746
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electrons are nearly independent of the energy. In t
range the resistance of the usual tunneling current, Eq.
is independentof voltage, and we can focus on the zer
bias anomaly. Furthermore, we assume the temperat
is much smaller than the Fermi energy so that the Fer
distribution function is taken as a step function. Wit
these additional simplifications, the current density due
magnon emission and absorption for P alignment is
j3 ­
i­8X
i­1

j
sid
3 ­

8pe
h̄Ns

jTJ j2
X
q,a

Sahrm
L rM

R seV 2 va
q d s1 1 na

q duseV 2 va
q d

1 rM
L rm

R feV 1 va
q 2 sva

q 2 eV dusva
q 2 eV dgna

q j . (7)
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It remains to evaluate the summation over the magn
spectrum of the interfaces. In analogy with Debye
treatment of phonons, we replace the magnon disp
sion relation, by a simple isotropic parabolic one, i.e
va

q ­ Ea
msqyqmd2, whereEa

m is related to the Curie tem-
perature (Ta

c ) by the mean field approximation,Ea
m ­

3kT a
c ysSa 1 1d, and qm is the equivalent radius of the

two dimensional first Brillouin zone,qm ­
p

4pn, where
n is the density of atoms at an interface. In addition, fo
an isotropic Heisenberg Hamiltonian in two dimension
the number of magnons excited at finite temperature
infinite. Therefore, we need to introduce a lower wav
c

o

n
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r
s
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length cutoffEc to avoid this divergence. Physically this
cutoff represents either anisotropy, which is present
spins at the interfaces between the magnetic electro
and the insulating spacer, or a finite coherence length
to, for example, grain boundaries. Before we presen
numerical calculation for the voltage dependence of co
ductances at arbitrary temperatures, we consider two l
iting cases.

First, the voltage dependence of conductanceGsV d ;
jyV at low temperature is readily obtained, becau
nq ­ 0 and only the first term in Eq. (7) survives. By
combining them with Eq. (4) we find
GPsV d ­
4pe2

h̄

(
fjTd j2 1 sS2

L 1 S2
Rd jTJ j2g srM

L rM
R 1 rm

L rm
R d 1 jTJ j2

√
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1 SR

eV
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m

!
rm

L rM
R

)
(8)

for eV , Ea
m. For large voltage,eV . Ea

m, one replaces the last term in brackets bySLs2 2 EL
myeV d 1 SRs2 2

ER
myeV d. Similarly, we have derived the conductivity for the AP alignment, and find foreV , Ea

m
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Note that from the definition ofEm [after Eq. (7)] that the
voltage dependence of the conductance is scaled by
Curie temperatureTc of the spins at the interfaces.

As one can see from Eqs. (8) and (9), the conductan
increase linearly with voltage at small bias. This resu
is due to the fact that the magnon density of states
two dimensions is a constant. Such linear dependence
the voltage is quite general, as it has been pointed
by Kirtley and Scalapino [17] in their inelastic-tunneling
model for the linear conductance background in the hig
Tc superconductors. In our model, however, we are ab
to further determine the increase of conductivities for
and AP alignments without introducing new parameter
In fact, we can readily see from Eqs. (8) and (9) that th
increase of the conductance is faster for AP, because
increaseof conductances are proportional torM

L r
M
R 1

r
m
L r

m
R for AP and tor

M
L r

m
R 1 r

m
L r

M
R for P. Therefore,

we conclude that the JMR decreases when one increa
the voltage bias.

The second limiting case is the temperature depende
of the resistance at zero voltage. By taking the lim
the
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V ! 0 in Eq. (7) we find that the conductivity at the
temperature greater thanEc is

GgsV , T d ­ GgsV , 0d 2
8pe2SkBT

h̄Em
Bgc1sEcd , (10)

where, for simplicity, we assumed that the two electrod
are identical (i.e.,r

Msmd
L ­ r

Msmd
R ) and g stands for P

and AP configurations;BAP ­ s rmd2 1 s rMd2 and BP ­
2rmrM , and c1sEcd ; lns1 2 e2EcykBT d ø 2 lnskbTyEcd
for Ec , kBT . Therefore, the conductivities for both P
and AP configurations vary asT ln T at high temperatures.
Since the prefactorBg in Eq. (10) is larger for AP align-
ment, the conductance increases faster with tempera
for AP alignment and the magnetoresistance is reduce
higher temperatures. We should point out that the cut
energyEc is not a sensitive parameter in determining th
absolute value of the temperature dependence of the c
ductivity because it enters in the logarithm.

We now show in Fig. 2, a comparison between o
theory and experimental data of the resistances of P
AP alignments for a junction CoyAl 2O3yCoFe at two
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FIG. 2. Resistance as a function of voltage bias for P (lower curves) and AP (upper curves) alignments of magnetiza
the two electrodes made of Co and CoFe at two temperatures, (a) 4.2 K and (b) 210 K. Dashed lines are experimen
solid lines are theoretical results calculated from Eqs. (4) and (7). The spin polarizations of the density of the states u
Co (rMyrm ­ 2.1) and CoFe (rMyrm ­ 2.2) are derived from zero bias magnetoresistance of the junctions CoyAl 2O3yCo and
CoFeyAl 2O3CoFe, which are consistent with Ref. [9]. We take spinS ­ 3y2, 110 meV for the Curie temperature of Co and CoF
the magnon cutoff energyEc ­ 4 meV, andjTd j2yjTJ j2 ­ 17.
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temperaturesT ­ 4.2 K andT ­ 210 K. The theoretical
curves (solid lines) in Fig. 2 were derived from Eqs. (4
and (7) where we determined materials parameters
the electrodes entering this expression either by us
their bulk values (Curie temperature) or by using ind
pendent measurements of zero bias JMR of the jun
tions CoyAl2O3yCo and CoFeyAl 2O3yCoFe. Therefore
we have onlyoneadjustable parameter, i.e.,jTd j2yjTJ j2,
to fit overall voltage and temperature dependence
both P and AP alignments. For Fig. 2, we have chos
jTd j2yjTJ j2 ­ 17 which is entirely reasonable sincejTd j
is determined by the overlap of the wave functions with
the barrier whilejTJ j by the overlap of the wave func-
tion from one electrode at the barrier interface with th
other electrode; therefore, it is expected thatjTd j2 should
be 1 to 2 orders of magnitude larger thanjTJ j2. Theone-
parameterfit to the data is reasonable for voltage smalle
than 200 mV. To reproduce the disappearance as one g
from 4.2 to 210 K of the cusplike feature in the resis
tance, with a width of about 50 mV [compare Figs. 1(a
and 1(b)], it is necessary to introduce another adjusta
parameter: a variable temperature dependent low ene
cutoff in the magnon spectrum. This has been previou
proposed by Kirtley and Scalapino [17].

In summary, we have proposed a new mechanis
which is able to reproduce the zero bias anomaly
the conductance and magnetoresistance of ferromagn
tunnel junctions. We are currently extending our stud
by including the energy dependence of transfer mat
elements and density of states at larger voltage bias,
by considering other inelastic-tunneling processes.
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