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Magnon-assisted inelastic excitation spectra of a ferromagnetic
tunnel junction

Y. Ando,® J. Murai, H. Kubota, and T. Miyazaki
Applied Physics, Graduate School of Engineering, Tohoku University, Aoba-yama 08,
Sendai 980-8579, Japan

Inelastic-electron-tunneling spectroscqpiyTS) has been applied to investigate the spin dependent
tunneling process for a Ta(B0)/Fe,Nigy(60A)/IrMn(300A)/Co(60A)/AI(13 A)-oxide/

Co(40 A)/FeggNig(200A) spin-valve-type tunnel junction. IET spectra for both parallel and
antiparallel magnetization configurations of ferromagnetic electrodes showed a strong peak at 12
mV. The subtraction spectrum defined by the difference between the spectra of both the
configurations was calculated. Spin-independent inelastic excitation processes are not affected by an
external magnetic field, and thus, the subtraction spectrum indicates the inelastic modes induced
only by the magnetic origin. It showed a strong peak at 12 and 20 mV for the positively and
negatively biased direction of the bottom electrode, respectively. The tendency of the tunneling
magnetoresistance ratio to decrease with bias voltage agreed with the shape of the subtraction
spectrum. By assuming the surface magnon excitation, we obtained the distributions of the
correlation length and the Curie temperature for both ferromagnetic electrode surfaces faced on the
insulator. © 2000 American Institute of Physid$S0021-89780)54408-9

I. INTRODUCTION (200A). The 100um-wide bottom electrode of

Recently, there has been a great deal of interest in the/F@dNigo/IrMn/Co was deposited using a metal contact

magnetoresistive  properties of ferromagnetic tunne "’.ISk _and covered by Al. An insulator was formed by ICP
oxidation of the Al layer at 0.73 Pa J&nd 100 W for 600 s.

Junctions: These Jun.ctlons are potenu(";\lly' applicable in The top Co/FgNig, electrode was deposited on the insulator
magnetoresistive reading heads, magnetic field sensors, a{]od form a cross-pattern junction with an area of 100

nonvolatile magnetoresistive random access memories 2 .
(MRAMSs).2# In spite of the large tunneling magnetoresis- < 100pm?”. Thedl/dV-V curves and IET spectra, i.e., the

tance(TMR) effect, magnons at the interface between a for.derivative of conductance, were measured by a modulation

. . . method using a homemade electrical ciréuit. addition to a
romagnetic electrode and an insulator contribute to the dedc voltage sweep. an ac modulation voltage of 10 mV with a
crease of the TMR ratio at higher voltage#. is urgently 9 P, 9

. frequency of 5.05 kHz was applied to the junction. The first-
necessary to reduce this large voltage dependence. We hayveé S . .

. . and second-harmonic signals were detected using a lock-in
reported on the measurements of conductive properties for

AlAl-oxide/Co/Al  junctions using  inelastic-electron- amplifier. Positive bias voltage was defined as the current
tunneling spectroscopfdETS .7 The phonons of the Al- direction from the bottom to top electrode. These measure-
oxide and the magnon excitation of Co were successfull ments were performed in a magnetic field up to 100 Oe

. on ot ~o v %t 4.2 K
observed in the spectra of the junctions with,=10A. In B
order to clarify the relationship between spin dependent tun-

neling properties and interface structure, IETS of ferromag-“'- RESULTS AND DISCUSSION

netic tunnel junctions have been carried din. this article, Figure 1 shows the bias dependence of the TMR ratio for
we report the spectra for the paral(®) and antiparalle{AP)  the tunnel junction calculated from tftH/dV—V curves of
magnetization configurations of the both ferromagnetic elechoth magnetization configurations. When the bottom elec-
trodes. It separates only the magnon excitations from all exrode is positively biaseB) there is a small peak at about

citations for the junction. 15 mV (solid line), and when it is negatively biaset\B)
this feature is not preseribroken ling. Since the rate of
Il. EXPERIMENTAL PROCEDURE decrease of the TMR is initially smaller for PB, the two

) , , curves cross each other at a voltage of 70 mV. The dotted
The spin-valve-type tunnel junctions were prepared by rfjq jngicates the calculated result taking into consideration

magnetron sputtering with inductively coupled plast@P) ¢ glastic tunneling procedsyhich is nearly parabolic and
onto a thermally oxidized Si substrates at an argon pressuififers  significantly from the present experimental result.
of 0.07 Pa. The base pressure was belowl® ®Pa and the  rgrefore, the large decrease in the TMR ratio is likely to be
sputtering was carried out in an atmosphere of 0.08 Pa Alug,5ed by the inelastic tunneling process. The average bar-
The layer structure ~was Tfi(m/FeZON'%(GOA)/ rier height and width estimated frofr-V curves were 2.0
I'Mn(300A)/Co(60 A)/AI(13 A)-oxide/Co(408)/FeoNiso e\ and 12.0 A, respectively. Inset shows the MR curve mea-
sured at 4.2 K. Since the exchange bias from the IrMn anti-
3Electronic mail: ando@mlab.apph.tohoku.ac.jp ferromagnetic layer is larger than 100 Oe, this curve is the

0021-8979/2000/87(9)/5209/3/$17.00 5209 © 2000 American Institute of Physics

Downloaded 09 Dec 2008 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



5210 J. Appl. Phys., Vol. 87, No. 9, 1 May 2000 Ando et al.

e ] conductance curve, however, the elastic tunneling process

Y ———.— —_ cannot affect the IET spectrum.

IET spectra include all inelastic excitations, e.g.,
phonons, magnons, and the background conductance. The
phonon inelastic excitation and the background conductance
are spin-independent processes and do not affect the IET
spectra by applying an external magnetic field. Conse-
quently, the difference between the spectra for the P and AP
3 magnetization configurations is expected to be only the spin-
HO dependent processes, that is, a magnon-assisted inelastic
(] 100 200 300 electron tunneling process. Figur&ePshows the subtraction

Voltage (mV) spectrum which is obtained by subtracting the spectrum of
_ _ the P magnetization configuration from that of the AP con-
FIG. _l. The bias dependence of the TMR _ratlo for the Ta_(SO):\)/ fi ti Th h t K f12 d 20 mv
FeyNigo (60 A)IrMn (300 A)/Co (60 A)/AI (13 A)-oxide/Cd40 A)FexNig iguration. They show a strong peak\4$ of 12 an m
(200 A) spin-valve-type tunnel junction. The solid and broken lines indicatefor the PB and NB directions, respectively. And also, note
the positive and negative bias voltage, respectively, and the dotted linthat the subtraction spectrum for the NB direction at a volt-
indicates the calculated result taking into consideration the elastic tunnelin@ge between 16 and 170 mV becomes Iarger than that for the
process. Inset shows the MR curve measured at 4.2 K. PB direction, while this feature is not present for the original
IET spectra. The tendency of the TMR ratio to decrease
agrees with the shape of the subtraction spectrum, namely,
minor loop. Magnetic fields of-40 Oe for the P configura- the larger the power of the subtraction spectrum, the faster
tion and 30 Oe for the AP configuration were selectedthe TMR ratio decreases with the bias voltage.
hereafter. This subtraction spectrum must be an exact inelastic ex-

Figure 2a) and 2b) show the IET spectra for the P and citation spectrum induced only by the magnetic origin and
AP magnetization configurations, respectively. The resultsnight relate to the magnon density of states of the ferromag-
for both the PB(solid line) and NB(broken ling voltages are  netic electrodes. Magnon-assisted inelastic tunneling cur-
shown. A strong positive peak at 12 mV is observed for allrents for the P and AP magnetization configurations can be
curves. The typical phonon spectra of the (8B mV) and  expressed &s
the Al-0O longitudinal opticalLO) mode (120 mV), which
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were observed for the Al/Al-oxide/Al junctioh’ are not de- 2me L R f ma

) . ' lp=—— 2, X¢ d eV—w)f(eV—-w),
tected. The strong peak is not conclusively the cutoff effect P oh ; 916t 0Pz 1 o) @) 6( ®)
for measurement near the zero-bias arising from limitation of (1)

the modulation voltage, because the peak is located higher
than the modulation voltage of this measurement. The spec-
tra for AP configuration are larger than those for P configu-
ration. Note also that these spectra are asymmetric with re-
spect to the PB and NB directions. The different Fermi +ngkng dop™{ w)(eV—w)b(eV-w)|, (2)
energy between both electrodes cause the asymmetry of the

whereX is the incoherent tunnel exchange vertg®'{ ) is
the magnon density of states that has a general form
T @ | P w)=(v+1)(hw)"/E!*, the exponeni depends on a
Parallel type of spectrumg,, is the maximum magnon energy;(®
T marks the corresponding electron density of states on left
! (right) electrode,d(x) is the step functiong=L,R. As one
' "®) | can see from Eqg1) and(2), the magnon-assisted inelastic
Antiparaliel | tunneling current is asymmetric with respect to the PB and
1 NB directions. Especially for the AP magnetization configu-
| ration, the first term in Eq(2) can be dominant because
= : : . 9797 is much larger thag g. Therefore, the IET spectrum
] for the AP configuration is more sensitive p&?9, that is,
] the difference between the spectra for the PB and NB direc-
y tions is likely to reflect the difference between the magnon
3 60 . 260 300 density of states of bot.h electrodes. _
Voltage (mV) The magnon density of states should increase monoto-
nously or be constant for a bulkv&0.5) or a surface %
FIG. 2. The IET spectra fofa) the P andb) AP magnetization configura- =0) magnon, respectively, with increasing bias voltage.

tions, respectively, and(c) these subtraction IET spectrum for the - .
Ta (50 A)/FeNizy (60 A)/IrMn (300 A)/Co (60 A)/AI (13 A) - oxide/Co However, the spectra of the experiment have an obvious

(40 A)/FeyNigy(200 A) spin-valve-type tunnel junction. The results for the P€ak at the |OW_ bias voltagép. The decrease of the mag-
both PB(solid line) and NB (broken ling voltages are shown. nons belowvp might be related to the magnon cutoff energy,

a
|AP:T

e
XRng‘g?f dopl®™{ w)(eV—w)f(eV-w)

dvdv? (a. u.)

d*vdvil,,,, (a. u.)
S [~deeleas. -~
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should be characterized as the distribution for the PB direc-
tion. It is still not clear where the difference comes from,
however, and is considered to be related the damage during
the oxidation process, the diffusion of, @om the insulator,
and also the different crystal growth and the roughness of the
ferromagnetic electrodes. Obviously, observation of the sub-
s traction spectrum is important in order to understand the

() 7 bias-voltage dependence of the TMR and its relationship to
the interface structure. Systematic experimental data for the
] inelastic excitation spectrum is required in order to discuss
] these matters.

Normalized probability
(=)

0 500 1000 1500 IV. SUMMARY

Te (K)
The IET spectra for the Tal/ggNigy/IrMn/Col/
FIG. 3. The probability ofa) the correlation length of the surface magnon A|-0Xide/CO/FQONi80 spin-valve-type tunnel junction were
I, and (b) the Curie temperaturé., respectively, for both the positively L . .
and negatively biased directions. measured at the P and AP magnetization configurations of
both ferromagnetic electrodes. By calculating the subtraction
of the spectrum of the P configuration from that of the AP

namely, the lowest energyoltage at which a magnon can configuration, we obtained the inelastic excitation spectrum
be excited due to the limitation of the size of the ferromag-only of magnetic origin. The tendency of the TMR ratio to
net. If the structure of the interface between the ferromagnedecrease with the bias voltage agreed with the shape of the
and the insulator is not perfect, possibly due to the roughnessubtraction spectrum, which could be explained by consider-
of the film, the correlation length,, for a magnon excitation ing the distributions of the correlation length for the surface
may be reduced to a finite value. On the other hand, th&agnon excitation and the Curie temperature at the ferro-
decrease of the magnons owép might be related to the magnetic electrode surface faced on the insulator. The asym-
maximum energy of magnon excitatidfy,,, which can be metry of the spectrum to the sign of the bias voltage is con-
expressed by the mean-field approximation &, Sidered to arise from the different structure of the both
=3kgTc/(S+1).2° T andSare the Curie temperature and interfaces.

the spin of a ferromagnet, respectivelyl Jfand T fluctuate
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