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Interference ferromagnetfsemiconductofferromagnet spin field-effect transistor
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An interference ferromagnet/semiconductor/ferromagnet transistor is proposed, where the relative conduc-
tance difference between parallel and antiparallel magnetization oscillates as a function of gate voltage. The
characteristics of a one-dimensional as well as a two-dimensional structure are calculated and compared. In
both cases the interferences result in an enhanced spin signal. It is shown that by using the spin filtering effect
of an interface barrier the signal can be further increased.
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Semiconductor/ferromagnet structures have recently abarrier!>'81°the modification of the oscillation pattern is
tracted considerable attention in the so-called field ofinvestigated by introducing as-shaped barrier at each
“spintronics.”? The major reason is that semiconductorsFM/SM interface. After discussing a one-dimensional tran-
offer the unique feature to control the carrier concentratiorsistor, the properties of a structure containing a two-
by a gate electrode. Moreover, effects, like the Rashba spirdimensional electron gg2DEG) are investigated.
orbit interactior* can add novel features to the device In order to calculate the conductance of a FM/SM/FM
characteristicS-’ Spin injection from a ferromagnéfFM)  transistor, parabolic energy dispersion is assumed in the fer-
into a semiconducto(SM) has been demonstrated by using romagnet as well as in the semiconductor. As depicted in Fig.
optical detection methods® Regarding electrical detection 1, a two-band model is applied for the ferromagnets with the
of a spin-polarized current first results have been reportechajority and minority bands displaced hy,=2h,.22"%’
and discusset?™® For a diffusive semiconductor sand- Here, h, is the exchange energy. The spin-flip length is as-
wiched between ferromagnetic electrodes Schreidall’  sumed to be larger than the separation of the ferromagnetic
pointed out that due to the large conductivity mismatch onlyelectrodes so that spin-flip scattering can be neglected. Due
a very low spin-polarization current can be expected. How+o the much lower carrier concentration in the semiconductor
ever, this situation is improved if a tunneling barrier is intro- compared to the ferromagnet, the bottom of the semiconduc-
duced at the interface:'® tor conduction band is usually found at a considerably higher

In case of high-mobility semiconductors, i.e., two- energy. The semiconductor layer can therefore be regarded as
dimensional electron gas structures, the conductivity of the potential step between the ferromagnets. By using a gate
semiconductor is considerably increased. Owing to the largelectrode the electron concentration in the semiconductor
elastic mean free path, the transport through the FM/SM inand thus the height of this potential step can be controlled.
terface can be described by a ballistic model. In this regiméviore generally, since in the semiconductor the potential is
the relevant parameters for the spin injection into the semieften nonconstant, i.e., if the gate length is shorter than the
conductors are the Fermi velocity mismatch and the exehannel length, a series of potential steps of heligghtan be
change energy of the ferromagnet. Similarly to the diffusiveused to describe the profife
regime an interface barrier can improve the degree of spin
polarization of the injected carrietS.For semiconductor

> ~ ~
nanostructures it is known that their large Fermi wavelength :ED Yy Yy
allows one to observe pronounced quantum interference K SM FM
effects?® This raises the question as to whether the spinsig-_ O | | 1 WO,
nal in a FM/SM/FM structure can further be improved by F U_2
using quantum effects. 1 U, 7 T l T 1

Here, we propose a spin-interference field-effect transistor Uy

based on a FM/SM/FM structure. The interference is ad- — | —|— — | —
justed by controlling the Fermi wavelength in the semicon- Ap 41_ f_l f_z e f_N AR 4y 4y
ductor using a gate electrodklt will be shown that due to B. |B; |B, BN | Distance
spin-dependent transmission probabilities for parallel or an- 0 % x N
tiparallel magnetization of the ferromagnetic electrodes the 0 "1 "2 N parallel ggguel

relative difference between the conductance of both modes
strongly oscillates as a function of gate voltage. Under cer- gig. 1. Schematics of a ferromagnet/semiconductor/
tain conditions even the sign can change. By tuning th@erromagnet structuréeM/SM/FM). In the ferromagnets the band
Fermi wavelength in the semiconductor by the gate the spi@f electrons with minority spins<) is shifted byA,, with respect
signal can be improved considerably compared to the cas® the majority band ¢ ). The interface barriers are described by
where interference effects are neglected. Following the cons-shaped potentials. The semiconductor potential profile is approxi-
cept of increasing spin polarization by an interfacemated by rectangular potential steps.
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N Here, k. =\2m.Ec/%i and k_=2my(E—A})/% are the
U(x)=2 Ui[O(X—Xj_1) —O(x=Xj)], (1) Fermi wave vectors of the majority{) and minority (—)
=1 subbandsE is the Fermi energy with respect to the bottom
with ®(x) the unit step functior(see Fig. 1 In the ferro-  of the majority band. The wave function in the semiconduc-
magnet, the free-electron masg and in the semiconductor tor can be expressed as
and effective electron mass* are assumed, respectively. . .
Motivated by the theoretically predicted enhancement of spin P=Ae**+Bje %, 1<j<N, (6)

injection by using interface barriers, additional tunnel barri- . — 2 (=0 -
ers, e.g., oxide layers, are assumed at the FM/SM interfac:(\-_(vIth kj=v2m™ (E¢—U;)/#. From the boundary conditions

In our model these barriers are described ®haped at the interface of adjacent steps a malvix can be derived,

potentialg® which .expressses the transition from thi to the (+1)th
potential stef!
000 =Tl 8(x—x0) + 8(x=xy) . 2 AL (A
] ] .
Combining all contributions, the effective Hamiltonian in the ( B. 1) = M,—( B-) , IsjsN-1, (7
I+ J

free-electron approximation can be expressed as

with M; given by
2 &P -
H:_ME"‘U(X)"‘U(X)_NX)U- ©) (1+Sj)e_i(kj+1_kj)xj (1_Sj)e—i(kj+1+kj)xj

(1_Sj)e+i(kj+1+kj)xj (1+Sj)e+i(kj+17kj)xj

1
7o

The last term represents the internal exchange energy, with ®)

o=+1 for majority ando=—1 for minority carriers, re-

spectively.h(x) =ho in the ferromagnet, whild(x)=0 in  and S;=k;/k;,;. Due to thes barrier at the FM/SM inter-

the semiconductor. face, the derivative of the wave function is not continuous,
The conductance of the transistor structure is obtained bje.,

calculating the transmission probability from the left to the

right electrode. First, we restrict ourselves to one- 1 dy,

dimensional transport in the limit of small voltage bias. The — a5

latter implies that only electrons at the Fermi energy are

ﬁgg;i??ﬁﬁtgg??h\év?\\//:v:%;%)t(;m]asugp CISF::ZESd\.NIi?htrr‘]neajfc?:i?))/for the left interface. The transition from the left ferromagnet

(+) and minority (=) spins in the left and right electrodes to the semiconductor can be written as

20U,

1 dy, .
- Y. P, (@)

- me dx

m* dx _

X0+

are A A, O
i i =M . 1
o= AL BeT @ B,/ Ml 10
YR = =Ape="+Bge X, (5 The matrixM is given by
|
Mol (1+8,,.—2iZS o) a7kl (1-g . -2iZ§ .)e '(arkedo "
-2 (1_SL,t+2iZ§L,t)e+i(kl+ki)X° (1+SL,i+2iZ’§|_,i)e+i(k17ki)xo'

with S . =(m*/mg) (k. /ky) and'S, . =(m*/mg) (k. /ky). with
Here, the dimensionless factd=m,U,/%%k, was intro-
duced, normalized to the Fermi velocity of the majority car-
riers in the left electrod® A similar matrix M5, with

S +=1/S +, ~SR,i=k+/ki , and the corresponding phase ) . )
factors, can be obtained for the transition from the semicon@nd settingA, =1 and Bg=0. The an;phtudeAR IS con-
ductor to the majority ¢) and minority (-) band of the Nected to the transmission probability By

right electrode.

MiP Mif

M=
M3y M52

N—-1
=Mg(j]'[1|v|j) @ (13

The total transmission amplitudgz from the left to the T _Krp A > Kia 1 14
right ferromagnet is obtained from the mathk®? , aﬁ_k_| Rl " Krg IM2BI12 (14
Lo Rg M35
AR) :Maﬂ(AL)' a,B=+,—, (120  In the case of parallel magnetization of both ferromagnet
Br BL electrodes, the one-dimensional total conductance is given
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FIG. 2. Relative conductance
differenceAG/G as a function of

0.10 the normalized Fermi energy 1
0.08 — U, /Eg in the semiconductor for
flgﬁ Ap=0.6 E¢. (@ and (¢) corre-
‘ B 002 spond to an interface barrier with
N ‘ ‘ F | ! 3 g o Z=0 and 2, respectively.(b)
4 ‘ ' ' | V' | ' =i3j3i showsAG/G with increasing in-
I -0.06 terface barrier heightZ. The
=:g:‘1’§ length of the semiconductor layer

was assumed to be 11%Q/corre-
sponding to 100 nm atEg
- =5 eV. The dashed lines ifa)
§ and (c) refer to the case when in-
terferences are neglected.

0.00 0.01 0.02 0.03 0.04
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by the transmission from the majority and minority bandsk, the maxima, given byAG/G=2(r —1)%/(r2+6r+1),
into the corresponding majority and minority bands on thegnly depend orr. The oscillations are most pronounced if
opposite side: the Fermi velocityv ; =7%k, /m* of the semiconductor is ad-

o2 justed to a value in between the Fermi velocities of majority
Gp:F(THJrT”)_ (15) and minority carriersy - =fk.. /mg, of the ferromagnet. An
absolute minimum of, with the same magnitude as, the
For the antiparallel case the conductance is given by maxima is obtained ib5=v.v_ and if x; matches Rx;
=(2n+1)7 with nout of 1,2,3. .. at thesame time> By
2¢? comparing these results to the case where interferences are
Ga_T A (16) neglected Fig. 2(@), dashed lingit is obvious thatAG/G

can be improved largely by adjusting the interference by the

Let us first consider a one-dimensional transistor struc-gat& For increasing values the minima iMG/G shift to-

ture, with a semiconductor quantum wire placed betweer ;.4 higher energie&q— U, while their widths decrease
two ferromagnets. Only a single subband is considered in thg; ha same timéFig. 2(b) and 20)]. At Z=2, the average

wire, with a constant bottom of the subband given by a -~ L
single potential stef);. The heightU is controllable by a value of AG/G is found to be of the order of 8%, which is

gate. Consequently, the Fermi enefigy— U in the semi considerably higher than for the case without interferences
. 5 1 -

conductor andk; are also altered by the gate bias. In Fig. 2[':'.9' 2c), dash(_ad ling 'I_'he Increase W'tlz. can be attrlt_)utgd
i ) T to improved spin polarization and thus improved spin filter-
the relative difference of the conductana&/G, with AG

re ing due to the interface barriet$81°

=(Gp—G,) andG=(G,+G,)/2, is plotted as a function of ~ The characteristics of a transistor with a two-dimensional
the normalized energy in the semiconductor U, /Er. A electron gas as the semiconductor are depicted in Fig. 3. For
typical effective electron mass of* =0.04m, of an InAs-  the calculation of the conductance, momentum conservation
based material was taken for the semicondutt®tThe ex-  parallel to the interface was assumed and an integration over
change energy was assumed toMe=0.6 Er. The length  all angles of incidence was performed. In a 2DEG with a
X, of the semiconductor layer corresponds to 100 nfedf  single subband occupied the electron concentratigg is
=5 eV as a typical value ford-band ferromagnets is proportional to the Fermi energfgr—U,=mh%n,p/m*.
assumed. Referring toEr andm*, as given above, 2U,/E-=0.04

For no interface barriersZ(=0) the relative conductance corresponds to,p~3X 102 cm 2, which is a reasonable
difference AG/G strongly oscillates if the Fermi energy of value for a 2DEG in a semiconductor heterostructure.

the semiconductor is changéBig. 2a)].? The maxima in For a situation, with nas-shaped interface barriefig.
AG/G appear at energieE-—U,, where k, matches to 3(a)], the oscillations found previously for the one-
mnix,, with n=1,2,3 . . . . Here, the transmission probabili- dimensional case are preserved. However, due to the averag-

tiesT,. andT__ for parallel magnetization are equal to 1 ing over the angles of incidence, the oscillation amplitude is

whereasT, _=4r/(r+1)?, with r=k_/k,=\1—A,/Ef lowered. Values ofAG/G below zero are still found, but
the ratio of the wave vectors of minority and majority carri- their magnitude is considerably smaller than the correspond-
ers. Since all transmission probabilities are independent dhg adjacent maxima. As expecteliG/G is decreased i,
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FIG. 3. AG/G of a 2DEG as a function of normalized Fermi
energy 1-U,/E¢ of the semiconductor@ showsAG/G for Z
=0 with A,,/Ef varied as a parameter. (b) results are plotted for
Z=0.5, 1.0, and 2.0 at,/E=0.6. The channel length corre-
sponds to 100 nm fdE-=5 eV. The dashed lines refer to the case However, because of averaging effects, the gaiﬁ@f@ is
when interferences are neglected. lower for the two-dimensional structure. In order to experi-

mentally observe the predicted oscillations clearly, a one-

dimensional structure should be preferred. By introducing an
decreases. Because of the improved spin polarization by ferface barrier, the magnitude AfG/G can further be im-
interface barrierAG/G on average increases fdrexceed- proved, also if compared to the nonresonant case. Although
ing a value of about 1. In contrast to the case #or0,  the average value dfG/G is increased, the oscillation am-

AG/G can only slightly be improved for largeZ values plitude of AG/G remains about the same if compared to the
compared to a situation where interferences are neglectedi=0 case. Above that, the potential interval WhAB/G is
(Fig. 3, dashed lings lowered is decreased due to the transition from sinelike os-

In Fig. 4 the characteristics of a two-dimensional transis<Cillations (Z=0) to sharp spikes in the characteristics. Con-
tor structure are shown, where the gate covers only part gferning a proper experimental detection of the variations in
the channel. In this geometry it is possible to improve theAG/G, this might limit the maximum height of the interface
gate response by reducing the distance to the conductirigrrier which can be used.

channel. Since here the oscillations are mainly determined b?égTh% property that ;[he sl?in-dgper_\dglnt ;:or:gucti.on CI)SC”'
es by varying a gate voltage is similar to the signal ex-

the gate length, the electrode separation was increased to A .
9 9 P ected for the spin transistor proposed by Datta and’Das.

value corresponding to 300 nm. As shown in the schematic3 ~; i M .
in Fig. 4, the potential of the semiconductor is approximate eir case th_e oscillations originate from the.rotz.atlon o_f the
e pin orientation by the Rashba efféétAn oscillating spin

by th_ree steps of same width. O_nly the height of the centegignaﬂ due to resonances was also predicted by Zkeat?’

step is controlled by the gate, while the outer ones are kept §br 4 FM/normal-metal/FM structure witb-shaped interface
0.98 . Similar to the results show in Fig. 2, pronounced parriers. In their case, the oscillations are studied as a func-
oscillations are found iM\G/G. Due to the smaller gate tion of the normal layer thickness.

length compared to the ferromagnet separation, the wave- In summary, we proposed an interference FM/SM/FM
length of the oscillation is relatively large. Fai, /E;=0.6  transistor, where the relative conductance difference between
and 0.4 the oscillation strength is of the same order of magParallel and antiparallel magnetizatidrG/G oscillates as a

nitude as for the two-dimensional structure discussed abovéunction of gate voltage. If the Fermi velocity in the semi-

In case ofA,/E-=0.8 the maxima iMG/G exceed 4% if ;:onductor ItS aGd/Jugsted close tc;] the Fgrml_l\_/slo.(:l?e? of the
the carrier concentration is reduced to approximately 1/3 byerromagne A can even c aﬂ@_’e sign. The interierence
the gate. effects can be used to enhank&/G in a FM/SM/FM struc-

Comparing the results of the transistor structure based o re.
a semiconductor quantum wire to the structure containing a The authors would like to thank T. Koga for valuable
2DEG it can be stated that in both cases an increase of thdiscussions. This work was supported by the NEDO Interna-
spin signal due to interference effects can be expectedional Joint Research Program.

FIG. 4. AG/G of a two-dimensional transistor structure as a
function of the Fermi energy below the gate electrode for various
exchange energies f@=0. The inset shows the device structure.
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