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Tunnel Magnetoresistance of Magnetic Tunnel Junctions with Single-Crystal

Electrodes
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T. Nagahama, S. Yuasa, Y. Suzuki, and E. Tamura, Nano-electronics Research Institute, AIST and CREST-JST

We studied the TMR effect of magnetic tunnel junc-
tions (MTJs) with a single-crystal electrode. As a
result, the crystal orientation dependence of the TMR
effect was observed in MT]Js with a single-crystal Fe
electrode. In the case of MTJs with an ultrathin Fe
(001) electrode, the tunnel spectra showed oscillatory
behavior as a function of the bias voltage in the posi-
tive bias region, and the differential magnetoresistance
also showed oscillations. For MT]Js with an ultrathin
Cu(001) insertion layer, very large oscillation of the MR
as a function of the thickness of the Cu layer was
observed. These oscillations are the first observations
of the quantum size effect in TMR. They provide new
physical information on spin-dependent tunneling, and
encourage the creation of new voltage-controlled spin-
functional devices.

Key words: tunnel magnetoresistance (TMR), mag-
netic tunnel junction (MT]), quantum-well effect, spin-
dependent tunneling, tunnel spectroscopy
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Fig. 1 (a) Fermi surfaces of spin-polarized elec-
trons. For the s-orbital hybridized with p and d-
electrons, the density of states is orientation-
dependent according to its asymmetry. (b) The
electrons with a wave vector £ normal to the tun-
nel barrier (k;=0) have the highest tunneling
probability: this is the so-called forward focusing
effect.
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Fig. 2 Cross-sectional TEM image of a magnetic
tunnel junction with a single-crystal Fe(001) elec-
trode: Fe(001)/amorphous—-AlO, barrier/polycys-
talline-FeCo.”
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Fig. 3 Dependence of the TMR effect on the %#:ﬁﬁ_m i }ﬂZé:h‘{L‘?’Lﬂi dr/dv i /‘\7 b {'UJ ‘;E
crystallographic orientation of Fe (at 2 K). The TABECKHT SRBHSBRS NS, b YR VSRIBIRE
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Fig. 5 Bias dependence of the differential MR
observed for Cr(100)/Fe(100) (n» ML; n=5, 7, 9)/

AlO/FeCo. The arrows indicate the peak
positions of the differential MR.%
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Fig. 6 Band structure of Cr and Fe in the
direction of (001). For the Fe band, small dots
show the minority spin band and large ones
show the majority spin band.
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Fig. 7 MR ratio as a function of the thickness of
the Fe(001) electrodes for Fe(001)(z ML)/AlO(1.7
A)/FeCo(20 A). The broken line at 8% shows the
MR ratio observed for a magnetic tunnel junction
with a thick Fe(001) electrode: Fe(001)(150 ML)/
AlO,(1.7 A)/FeCo(20 A).
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Fig. 8 Fermi surface of the fcc-Cu. ¢, and g2 are
the scattering vectors corresponding to the
quantum-well oscillation for the electrons which
are confined in the (001) direction.!V
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Fig. 9 MR ratio of magnetic tunnel junctions
with Cu(001) insertion layers as a function of the
thickness of the Cu layers. The bias voltage for
the measurements is 10 mV.!?
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Fig. 10 (a) Bias voltage dependence of the
oscillation period for Cu(001)(z A)/A1O.(1.8 A)/
NiFe(20 A). The open circles represent the ob-
served oscillation period. The solid line is a
theoretical estimation obtained from the energy
dispersion of the 4, band of Cu. The close
triangle at 0 mV is the oscillation period
observed in interlayer exchange coupling in Co
(001)/Cu(001)/Co(001). (b) Energy dispersion of
the Cu-4, band in the I'-X direction. The arrows
denote the scattering vector, ¢;, for the
quantum-well oscillation in the (001) direction.'?
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HWiETH B1:0, ERENEBFHPEMIIR E ViRFRE
FTHRPEMELD, REVIKEL CEBTFHFPEMD = %
WEF—EHBRNL S, Gate BDx 2 V¥ —HEAT 4 Gate BFE
EMFAIEICL>Tavio-nd 3L, brHEEF
HEEMBER OB (Emitter ) O 7 2 /b3 TR AF—
E—HULETAT, AV RBIIEL V2 ) v 7 0iEES
D, REVEBREBEHRESHENSE. dHbE Gate BEICL S
24 o FUIBETES, £, BFHPEMIZRE VICHK
BELTLWADOTHIEL V2 LT RZEFORE V% Gate B
Fick->THEIRTZIEETES, bH5—DDEHEE L
T, Emitter BOWALDOAMEZEFIHIT 2 & &ic & » TIHEH
ZEFT A LN TESR, Tubb, T YKEETH 3.
CODF A ZDOEHDORIL, Gate BORA Y VRBRETH

/
42:»2

l__._____
1@

Fig. 11 Schematic diagram of a resonant tunnel
spin-transistor. The emitter (left) and gate
(center) are ferromagnetic. The gate should be
thin enough to create spin-polarized quantum
well states inside.
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PEEMODIER TH B. ZD1-HITid, Gate BlRIERMENS X
KFHBCE N EBBETHD, FhebvrnN)7ED
RARTEZLIERTHHIESBEENB. Tk, bV
FVEBFOEMEEL TEEDIT, bR LVEBEFHsET
THo, 720z xNVF—fHEIC d BFOEALIZE BN
CBRWAB LV, BE, BHRHEEEIEBEBTH LD
BROZHEIZE L W, FZIE Fe £ b i3 Co DM Gate
BIiBLTWATHAD., _HFHAEBEFAXYLLELSD
Co DAMFe & BFHFMPEWVWI EMRINTVAS.
oL, BROBFIRECETFI M XDREHVIH
FNA RRBEPICHEILONBZTHAHL, REVIEFEL
VEANOBEBMNEFE - EIE-THEDRE Y o=
7 RFNAL ZOBEER EIC DA BEAS. SO,
TMR#FF -+« At bo=7 20RHEMPEARFEN 5.

M OH CHOOHEEITOIKCHI-T, ZEERED
H bsed, FEREAICR, ERNNIIE» CHRERGE
WietFxZF Lz, CTiBHoEEELET.
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F12 REAKFEAFERBERARET,
BE HEARESNSIITRES F14
i) EEBHHRATRFAARR HEE B
TILE3.

Py wib Bt @)

BEHE whs LAL
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BB 59 WERFAFRETFOIRMET,
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B MEEE (T

BAE— 5 Avus

B56 EREAFEI¥WEMELERE
R, BE KA vEax—Y v e fEF%
W BEWIRE T4 KEIo-v
YR )Yy ETHRET EEHER, F
7 TERNPREEENRE REHART
FATNV—T EEWMEE, Fl12 A v
JSRAbro—aFs 0 HAEE HR
B, 14 EEBIWNKAHER ETEH
RE, BEIKES

FF YR B

BAEHABESHES5E Vol 27, No. 1, 2003

NI | -El ectronic Library Service



