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Quenching of Magnetoresistance by Hot Electrons in Magnetic Tunnel Junctions
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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 for
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

While the phenomenon of magnetoresistance in ferroposed on the drop in resistance ordinarily seen in tunnel
magnetic tunnel junctions (which we call junction magne-junctions inasmuch as it cannot be ascribed to lowering of
toresistance, JMR) was identified two decades ago [1,2fhe barrier height for such low voltages [10]. This large
it is only recently that one has been able to grow junc-an energy width for this anomaly is unusual; it seems
tions with reproducible characteristics [3—5]. Within theto persist to room temperature. One cannot explain this
framework of the transfer Hamiltonian method [6,7] theeither by electron-electron interactions as in disordered
direct elastic tunneling current is proportional to the summedia which leads to conductance dips [11] or by para-
of the products of the densities of states of itinerant elecmagnetic impurities at interfaces which causes conduc-
trons at the Fermi level at the left and right magnetic electance peaks [12]. Another mechanism is the possibility of
trodes for each spin channel [8]. This simple picture hasmall metallic inclusions in the barrier region [13]; how-
been successful in interpreting current-voltafyd’j char-  ever, it is unclear if this produces any spin dependence.
acteristics for ferromagnet-insulator-superconductor an@hese mechanisms are restricted to low temperatures with
magnetic tunnel junctions (MTJ) [9] at low bias volt- much smaller bias voltages on the order of several milli-
age of the order of a few millivolts. Recently, Mood- volts. Since the energy scale involved in this anomaly is
eraet al.[3] and Parkinet al. [5] found that the JMR is the same order of the magnetic excitations, which is ap-
strongly reduced when the applied junction bias voltaggroximately the Curie temperature, we propose that itiner-
is of the order of a fewhundredmillivolts. In this Let-  ant tunnel electrons with excess energies above the Fermi
ter, we present the voltage and temperature dependentvel (due to the applied voltage), known as “hot elec-
of the JMR in magnetic tunnel junctions, and we pro-trons,” produce collective excitations of local spins at the
pose that a zero bias anomaly seen below 150 mV is duaterface between the insulating barrier and the magnetic
to hot electrons producing excitations which reduce the
magnetoresistance.

We have fabricated junctions whose magnetic elec- '® Co/ALO/Co,Fe, 1'%
trodes consist of Fe, Co, Ni, and their alloys. Details 110 | @ntiparallel /% 42 K 210K {110
of the experimental procedure as well as characteriza-

tion of the magnetic and structure properties of these  '® 100
junctions have been published elsewhere [5]. In Fig. 1, 90 90
we show typicall-V curves for a junction composed of

Co/Al,03/CoFe. The main features in this figure are: 81 paralel @) ) T 80
(1) While the resistance for both parallel (P) and anti- 70 70

04 -02 00 02 04 -04 02 00 02 04

parallel (AP) alignment of the magnetization of the two D Biss (Yol

electrodes drops as the applied voltage increases, the de- _ _ _
cline is more pronounced for the AP alignment; (2) theFIG. 1. Resistance as a function of voltage bias at7(a}
resistance decreases with temperature rather significantf2 K and (b)7 = 210 K for parallel (P, lower curves) and

. . . L . ntiparallel (AP, upper curves) alignments of magnetization
In Fl_g. l_We nptlce a _rapld decline in the resistance Olof the two electrodes made of Co and CoFe. The drop in
the junction with a width of about 150 mV; we have resistance forv = 150 mV is referred to as the zero bias
called this the “zero bias anomaly.” This is superim-anomaly.
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electrodes that are responsible for the reduction of magnevhere
toresistance and hence the “zero bias anomaly.” A similar u 3w )
inelastic-tunneling process in antiferromagnetic NiO bar-€kc = €k + UZ] d’r(S)ja(r — R;)expik - R;),
riers has been studied by Tseti al. [14], and it has been !
recently emphasized by Moodeeaal. [3]. By compari- _ _ (2)
son with experimental data, we find our theory can reax 1abels left {) and right ) electrodescy, is the an-
sonably account for the zero bias anomaly, i.e., for dat@ihilation operator of itinerant electrons; is the spin
with applied voltage less than 200 mV. operator for localized eIe_ctronsJa (r — R)) represents
The conventional explanation for the zero bias JVRthe s-d exchange, and, is the energy of the localized
observed for ferromagnetic transition-metal electrode$Pins. The energy due to the external field used to pro-
is based on modeling the conduction in the magneti€uce parallel and antiparallel alignments of the magnetic
electrodes by the-d exchange Hamiltonian [15,16], and electrpdes, several hundred oersted, is 2 to 3 orders of
invoking the transfer Hamiltonian across the insulatingMagnitude smaller than the magnon enetgy (see be-
barrier. Thes-d exchange Hamiltonian between itinerant I0W); we will neglect it.

s and localized! electrons is The barrier Hamiltonian, Wh_ich leads to the transfgr
of electrons between left and right electrodes, and which
H, =S e ctted 4+ E. 1 includes magnetic excitations in .the transfer, due-o
“ % kotko Tko T T8 @ exchange between local and itinerant electrons at the

| interfaces, is written as

1
Hp = > Tiolckick, + He) + 72 D Tiheo[Si(@) + Si@](cki ey — e by + H.c)

kk',o kk'q
1
+ N2 k%: Tlfk/q[(cﬁfrcﬁ/l + cﬁrcﬁl)( 281 aé+ + /28R afl”) + H.c], 3)
q
where Si(q) = So — ai*aj (@ =L,R), and aq = ! wherep? (w) is the density of states dinerant electrons

(1/v/25N)Y.c; expliq - Ri)Si(+) is the magnon annihi- in the « ele'ctrod'e for spino, _V is the appligd yoltqge
lation operator. As the summation overis restricted aCross the junction, and(w) is the Fermi distribution

to sites at the interfaces between the insulator and eled¥nction. The current from the third term in Eq. (3)
trodes, the magnon wave vecigiin Eq. (3) is restricted m_voIves emission and absorption of magnons; there are
to two dimensions parallel to the interface. We do not€ight processes: four of them represent electron transfer
intend to calculate these matrix elements which represerfom left to right electrodes, which correspond to the

direct (%) and spin-dependent7”’) transfers; instead emission and absorption of magnons at the left and right
we assume them to be adjustable paramdfér,and T/ " interfacesof the barrier with the electrodes. For example,

since the magnitude of the resistance is not our primar?l term which represents the emission of a magnon at
concern. We fixt,; by fitting our expressions to the JMR he mterface of the bar_rler with the right electrodg for a

at low temperature and zero bias, thereby leaving onRarallel alignment (P allgnment) of the magnetizations of

adjustable parametef?, to fit the reduction of the JMR the e_Iectrodes and_ for an applied voltage that raises the
with finite applied voltage and temperatures. Also, weFermi level of the right electrode above the left one, is

will consider only incoherent tunneling, where the wave ),  47¢ o "

vector k is independent ok’ in Eq. (3); because the J3 = Z dw 2|T|°Sgp] (@)

insulator is amorphous and the interfaces are rough this b

will be more appropriate than coherent tunneling where X pi (@ + eV — wg)fr(w)

k= krandk =k’ = din Bq. (3). . X 11 = falw + eV = wg)llagag "),
With these simplifications it is reasonably straightfor-

ward to calculate tunnel currents based on our transfer (5)

Hamiltonian Eq. (3) along with the electrode Hamilton-,,hare N, is the number of spins at the interfacgs”

ian, Eq. (1). By retaining terms up to second order in the,y ;¥ ‘are density of states for itinerant minority and
transfer matrix elements (these matrix elements are eXPOnajority electrons,w, is the magnon spectrum at the
Pq

nentially small) the contributions to the current from the,arfaces and) denotes the thermodynamic average of
first two terms in Eq. (3) are the same as the usual tunnej, magné)n spectrum
ing current,
4 a aty\ at _a\ _ a
jo =25 [ dolTIP + (57 + SPIT/P] lagag ) = 1+ (ag ag) =1 +ng.  (6)
where ng = (e — 1)7! represents the number of
interface magnons with wave vectqr The other seven

X[ flw) = flo + eV)], (€] termsjgi) (i = 2-8) can be similarly written down.
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In principle, we could evaluate these terms by insertingelectrons are nearly independent of the energy. In this
correct density of states, transfer matrix elements andange the resistance of the usual tunneling current, Eq. (4),
magnon spectra, in order to explain th& characteristics is independenbf voltage, and we can focus on the zero
in Fig. 1. However, as we have mentioned earlier, thesbias anomaly. Furthermore, we assume the temperature
quantities are not well known for the junctions we is much smaller than the Fermi energy so that the Fermi
fabricated. Therefore, wiémit our discussion to low bias distribution function is taken as a step function. With
voltages, e.g., smaller than 200 mV, where we expect ththese additional simplifications, the current density due to
transfer matrix elements and density of states of itinerfamnagnon emission and absorption for P alignment is

i=8
=20 = TP S Sulpf ol eV = wf) (4 noeV = )
i=1 ga

+ pYpmleV + wg — (wg — eV)0(wg — eV)lng}. @

It remains to evaluate the summation over the magrllotength cutoffE, to avoid this divergence. Physically this
spectrum of the interfaces. In analogy with Debye’scutoff represents either anisotropy, which is present for
treatment of phonons, we replace the magnon dispesspins at the interfaces between the magnetic electrodes
sion relation, by a simple isotropic parabolic one, i.e.,and the insulating spacer, or a finite coherence length due
wy = E%(q/qm)?, WwhereE¢ is related to the Curie tem- to, for example, grain boundaries. Before we present a
perature T¢) by the mean field approximatiorfys, =  numerical calculation for the voltage dependence of con-
3kTe /(S + 1), and g, is the equivalent radius of the ductances at arbitrary temperatures, we consider two lim-
two dimensional first Brillouin zoney,, = +/47n, where iting cases.

n is the density of atoms at an interface. In addition, for First, the voltage dependence of conductaG¢®) =

an isotropic Heisenberg Hamiltonian in two dimensionsj/V at low temperature is readily obtained, because
the number of magnons excited at finite temperature igq = 0 and only the first term in Eq. (7) survives. By
infinite. Therefore, we need to introduce a lower wav|e4:ombining them with Eqg. (4) we find

4772

Gp(V) =

eV
[[IT”’I2 + (7 + ST P1(py ok + pI'PR) + |T’|2<S EL T SR ER )pl”pz’?] (8)

for eV < E%. For large voltageeV > E2, one replaces the last term in brackets $i2 — EL/eV) + Sz(2 —
ER/eVv). Similarly, we have derived the conductivity for the AP alignment, and find¥or< E&

eV eV
Gap(V) = h ‘[lel2 + (87 + SRIT P} R + pi'PR) + |TJ|2(SL gL PLPR + Sk px 1 PR )] ©)

Note that from the definition of,, [after Eqg. (7)] that thel v —0in Eq. (7) we find that the conductivity at the

voltage dependence of the conductance is scaled by themperature greater thd is

Curie temperatur&, of the spins at the interfaces. 87 e2SkyT
As one can see from Egs. (8) and (9), the conductances G?(V,T) = G"(V,0) — ————

increase linearly with voltage at small bias. This result REm

is due to the fact that the magnon density of states invhere, for simplicity, we assumed that the two electrodes

M(m) M(m)

two dimensions is a constant. Such linear dependence are identical (i.e.,p; = ) and y stands for P

the voltage is quite general, as it has been pointed ownd AP configurationsB4? —( ™2+ (pM)? and B =

by Kirtley and Scalapino [17] in their inelastic-tunneling 2p™ p™, and c¢;(E.)=In(1 — e*Ec/"BT) ~ —In(k,T/E.)

model for the linear conductance background in the highfor E. <kzT. Therefore, the conductivities for both P

T. superconductors. In our model, however, we are abland AP configurations vary &sIn T at high temperatures.

to further determine the increase of conductivities for PSince the prefactoB” in Eq. (10) is larger for AP align-

and AP alignments without introducing new parameters.ment, the conductance increases faster with temperature

In fact, we can readily see from Egs. (8) and (9) that thdor AP alignment and the magnetoresistance is reduced at

increase of the conductance is faster for AP, because thggher temperatures. We should point out that the cutoff

increase of conductances are proportlonal ppr +  energyE,. is not a sensitive parameter in determining the

pl'pR for AP and top) p + pJ'p¥ for P. Therefore, absolute value of the temperature dependence of the con-

we conclude that the JMR decreases when one increasdactivity because it enters in the logarithm.

the voltage bias. We now show in Fig. 2, a comparison between our
The second limiting case is the temperature dependendkeory and experimental data of the resistances of P and

of the resistance at zero voltage. By taking the limitAP alignments for a junction G&l,0;/CoFe 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 magnetization of
the two electrodes made of Co and CoFe at two temperatures, (a) 4.2 K and (b) 210 K. Dashed lines are experimental data;
solid lines are theoretical results calculated from Egs. (4) and (7). The spin polarizations of the density of the states used for
Co (pM/p™ = 2.1) and CoFe g"/p™ = 2.2) are derived from zero bias magnetoresistance of the junctiofi#lgd;/Co and
CoFe/Al,0;CoFe, which are consistent with Ref. [9]. We take spir 3/2, 110 meV for the Curie temperature of Co and CoFe,

the magnon cutoff energl. = 4 meV, and|T?|?/|T’|> = 17.
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