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Bias voltage and temperature dependence of hot electron magnetotransport
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We present a qualitative model study of energy and temperature dependence of hot electron magnetotrans-
port. In this model calculation, the strong spin dependent inelastic scattering strength of hot electrons and spin
mixing due to thermal spin waves have been taken into account. In addition, spatial inhomogeneity of Schottky
barrier height has been considered. This calculations display that the magnetocurrent accords with the recent
experimental data qualitatively at room temperature if we include the spin mixing effect with hot electron spin
polarization although the experimental observation is not easy to interpret. Thus, if one measures the tempera-
ture dependence of magnetocurrent, then the mechanism suggested here will be tested whether it is acceptable.
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I. INTRODUCTION easily understand that the switching of the ferromagnetic lay-
ers is not well defined. If the switching is well defined it
An introduction of ahot electron magnetoelectronic de- should occur within very narrow ranges of applied magnetic
vice by Monsmaet al! has brought great interest in the hot field. However, the hysteresis curve of Fig. 5 in Ref. 6 shows
electron magnetotransport. Very recently, another interestingery broad features. There may be several factors contribut-
observation has been reported by Jareteai 2 at finite tem-  INg to broaden the hysteresis curve. For instance, the thick-
peratures in the hot electron device. They obtained unusu&€ss of ferromagnetic layer is too thin, so that the sample
behaviors of the collector current with temperatdiede- ~ May have locally different coercivity .f|elcthe thickness of
pending on the relative spin orientation of the ferromagnetide layers was 10 and 15 A in the spin-valve base of Ref. 6
layers and huge magnetocurrent even at room temperaturéherefore, it may be very difficult to extract essential physics
One should take into account transporthot electron in the  When one explores the hot electron magnetotransport based
discussions of such interesting phenomena. Although the h&n the data of Ref. 6.
electron magnetotransport has not been extensively explored Hence, in this work we shall explore the hot electron
unlike the transport of Fermi electrons, there are examples diiagnetotransport varying the bias voltage and temperature
theoretical study of hot electron magnetotransport in a spin@ssuming very well defined switching of spin-valve base.
valve transistof:* In that study, a temperature dependence ofSince the total thickness of spin-valve base is more than
hot electron magnetotransport has been explored, and tH0 A and the hot electron very strong inelastic scattering
importance of hot electron spin polarization has been sugstrength even at low energy in ferromagffétve believe that
gested in a spin-valve transistor. the inelastic scattering process may b_e essential to under-
There have been great amount of studies in the applie§tand the hot electron transport in this type of structure.
bias voltage dependence of magnetoresistance in a magnefigerefore, our interest is in the hot electron magnetotrans-
tunneling junctiofMTJ). For instance, Mooderet al® mea-  Port influenced by the spin dependent inelastic scattering in
sured bias and temperature dependence of junction magnt&rromagnets resulting in hot electron spin polarization and
toresistancéJMR) in the MTJ. They obtained rapid decreas- SPin mixing® due to thermal spin waves. We also take into
ing JMR with applied bias voltage, which is very intrinsic account the -spatial inhomogeneity of Schottky barrier
property of ferromagnetic junctions and explained in termseffect.” Then, the theory suggested in this work will be
of the temperature dependence of surface magnetization. Ufested if one measures the temperature dependence of hot
like large volume of data in the MTJ, only few data are €lectron magnetocurrent varying the bias voltage.
available in the hot electron magnetotransport study. In the

issue of bias voltage dependence of hot electron magne- Il. MODEL STUDY
totransport(not the temperature dependejcé has been ] ] o
presented experimentally by Mizushinea al® Theoretical We consider the system described in Fig. 1 to explore the

studies to account for the experimental observation havg.sue of this yvork_. The normal injec_:tion to the barrier surface
been also presented by the authors of the Refs. 6—9. Thd§ assumed in this model calculations and we also suppose
claim that the inelastic scattering contributes to reduce th&hat the normal metal layers are the same material with the
magnetoresistance above 1.5 eV, and the elastic scattering®me thickness. It is well known that we can write the hot
the interface of base and collectGorward focusing effegt electron tunneling current through the insulating batfies
enhances the magnetoresistance around 1 eV. However, it is w

not quite clear how the forward focusing effect increases théi(eV)= dEf(E—eV)[1—f,(E)]D(E)P{(E), (1)
magnetocurrent since it happens at the interface of normal o

metal and semiconductdwe do not expect strong spin de- where fo(E) and f,(E) are the Fermi-Dirac distribution
pendencg In addition, in their discussion one should note functions in the emitter and base, respectivBly(E) is the

the experimental data presented in the Ref. 6. Figure 5 idensity of the states in the emitter, aRg(E) is the trans-
Ref. 6 shows the hysteresis curve of the sample. One camission probability through the barrier. It is necessary to
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measurementt, the Schottky barrier has spatial distribution.
E 4oV In this model calculations, we assume the distribution of
Fre Schottky barrier
° . 1
hS(d.,P2) = exp(—[®.—PIJH2W3), (2
. I\ ? v c Cc \/TVVE F( [ Cc c] C
F Yy B
roor whereW, is the width of the collector barrier height, add
N I |[N!FIN!F!N|nSi is the most probable height of the collector Schottky barrier.
Emi o The role of hot electron spin polarization has been explained
mitter Base Collector

FIG. 1. A schmetic display of model explored in this work. The in Refs. 3,4 to account for the temperature dependence of hot

bias voltage is applied between the emitter and base. The hot eleg_lectron magnetotransport. In addition, we also include the

trons are injected into the metallic base, and collected across th%pir,1 ”_“iXi”Q effect due to thermal SPi” waves. Fpr instance,
Schottky barrier. majority spin hot electron flips its spin by absorption of ther-

mal spin waves or minority spin hot electron flips the spin

) ] __ state by emission of spin wave. If we include the inelastic
know the exact shape of potential barrier for quantitativescatterings in ferromagnets, normal metal layers, spin mixing
analysis of the tunneling current. Very recently, a ballisticeffect and spatial distribution of the Schottky barrier heights,
electron microscopy study of aluminum bartiefor mag-  we can write the spin dependent collector current
netic tunneling junction has been presented. It shows that the_
barrier height is very sensitive to the thickness of the insu- IP(eV,T,CDS)
lating barrier. Since we have no reliable experimental data % o
about bias and temperature dependence of hot electron mag- Zf dEf dd fo(E—eV)[1—f,(E)]De(E)P(E)
netotransport we shall study the hot electron magnetotrans- o 0

port qualitative manner assuming sharp junction barrier. The
energy of tunneled electrons are above the Fermi level of the

XTR(E, T) v, (B, T) yw,(E, T)hC(D¢ ,®Y)

. ')’ml(EvT) 'sz(E:T)
spin-valve base, then the hot electron transport should be X + [1-Psw(E,T]
taken into account. The injected hot electrons will suffer 7’M1(E'T) VMZ(E'T)
from various elastic and inelastic scattering events in the first Ym(ET)  ¥m,(E,T)
norm_al metal_ layer, however, _the hot electron_s are not spin o (ET) + T (ET) Psw(E,T)
polarized until they reach the first ferromagnetic layer. In the AR FA
ferromagnetic layer, the hot electrons have strong spin de- XO(E-D)t(E, D), (©)]

pendent self-enerdy, so that the inelastic mean free path is and in the antiparallel case
spin dependent. Therefore, the hot electrons will be spin po- P
larized after passing the first ferromagnetic layer. One Sh°U|dTAP(eV,T,<1>°)
note that the influence of the band mismatch at the interface ¢
of ferromagnet and normal metal on the current has been
discussed by Rippareét al,'* and we will have the same
band mismatch in our system. However, we will consider
very ideal case in this work without any band mismatch.

The issue now is the hot electron magnetotransport in the
spin-valve base. Due to strong spin dependent inelastic scat-

- [ de[ “aactuE-ewit-1yEDLEIPE)
— 0
XTR(E,T) v, (E,T) yw,(E, T)hC(D¢,®Y)

{ Ymy(ET) Y (E.T)

X +
m,(E,T) ym,(E.T)

] Psw(E,T)

tering strengt® the hot electrons will have spin dependent (E.T) (E.T)
attenuation in ferromagnet and by the virtue of the fact that n Ym, (5 n Ym,t = [1-Psw(E.T)]
the hot electron transport has an exponential dependence on yMl(E,T) yMZ(E,T) swhE

the inela_stic mean free pathwe are able to fOCL_Js on the X O(E—D)t(E,P,), (@)
process in the ferromagnets when we explore spin dependent

transport of hot electrons. To take into account the spin dewherel'y(E,T) accounts for the hot electron attenuation in
pendent attenuation in the ferromagnetic layer, we definéhe normal metal laye® is a step functiont(E,®) repre-
ym(E,T) and y(E,T) which can be written as/y(E,T) sents the quantum mechanical transmission probability in the
= exg —Wiy(E,T] and y,(E,T) =exd —w/l(E,T)], where Presence of Sg_hottky barrier, arﬂsy\(E,T) displ'ays the

w s the thickness of the ferromagnetic layer gy (E,T) spln_fhp probability due to t_herm_al spin waves. It is useful tq
is the inelastic mean free path of majoritsninority) spin rewrl'ge the abo_ve expressions in terms of hot electron spin
electron in the ferromagnetic layer at the enekggnd tem- polarization. With the relation

peraturel. One should note that there is a Schottky barrier at

the collector side, thus the energy of hot electrons should be

larger than the Schottky barrier height to contribute to the

collector current. As shown in the experimental we obtain

ym(ET)  1-Pyu(ET)
ym(E,T)  1+Py(E,T)’

®)
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TP(eV’T’q)S) Schottky barrier height even after losing the largest spin
. . wave energy. For instance, if we simply relatgy,
:f dEf dd f(E—eV)[1—fp(E)]D(E)P(E) =DgwQ%ax Where Dgyy is the spin stiffness constant and
— 0 Qmax IS the maximum wave vectdpossibly near the Bril-
XT3(E, T)g:(E, T)go(E,T) louin zone boundady of spin wave, we then tak&gy
~0.4 eV.

X O(E— D t(E,P)h*(D¢, D)
y |1+ 1-Py (ET) 1_PH2(E'T)] ll. RESULTS AND DISCUSSIONS
1+Py (BT) 1+Py,(E.T) We assume that both the ferromagnetic layers in spin-
1—PH1(E,T) valve base schematically represented in Fig. 1 are Fe, and
X[1-PswW(E,T)]+ T(ET) take 45 and 20 A for the thickness of first and second fer-
HiA = romagnetic layer, respectively. 20 A is used for the thick-

1- PHZ(E,T) ness of the insulating barrier, 30 A for normal metal layer,
+T Psw(E,T) (6) and 2.5 eV is assumed for the barrier height relative to the
H(ET) Fermi level of emitter material. We choose th&§
: 0
and =0.9 eV andw.=0.1 eV. Here, it is of importance to note
~APp 0 that the attenuation of low energy electron in the normal
"7 (eV,T,®;) metal is around 100 A® It is several times greater than that
3 % calculated in the ferromagnef$We therefore believe that
=f dEf d® fo(E—eV)[1-fy(E)ID(E)P{(E) the attenuation in ferromagnet has a substantial role in the
7003 0 hot electron transport. As a result, the inelastic mean free
XTN(E, T)91(E, T)go(E, T)O(E-D)L(E, D) path in normal metal layer is taken as 90 A for the energy
1-Py (E,T) 1-Py.(E,T) and temperature ranges of our interest. For the spin flip prob-
Xhe(d, ,CI)S) 1+ ! 2 ] ability, we suppose that a hot electron has 30% of spin flip
1+ Py, (ET) 1+ Py, (E,T) probability due to thermal spin wave at 300 K if it is oper-

1—PH1(E,T) 1—PH2(E,T) ating. Since_ our purpose is to_understan_d the_ _bias depen-
xPS\,\(E,T)Jr[ + ] dence qualitatively after including the spin mixing effect,
1+ PHl(E’T) 1+ PHz(E'T) therefore the assumption stated above may contain the essen-
tial physics to explore the main issue of this work even if it
, (7)  does not reflect exact temperature and energy dependence.
Figure 2 displays the spin dependent collector current at

whereP, (E,T) is the hot electron spin polarization in each Z€ro and 300 K with increasing bias voltage. As one can see,

ferromagnet and;(E,T) is the spin averaged attenuation in the. current Is very smaII. if the bias \_/oltage IS Ie_ss ﬂb@'.
ferromagnet. We takéPy(E,T)=Po(E)(1—[T/T.]*) by while it is increasing rapidly beyond it. It is also interesting

. 1 C
the virtue of the fact that the number of thermal spin waved© compare both Z€r1o and room temperature cases. The par-
are proportional tar¥/2. Here,P(E) is the hot electron spin allel collector current is drastically decreased compared with
polarization at zero .tempe’ra?ure which will be extractedthat of zero temperature while the anti-parallel collector cur-

from the theoretical calculatiosand T, is the critical tem- €Nt Is decreasing rathe_r smoot.hly..One Should note t.hat the
: ole of hot electron spin polarization as explained in the

perature of the ferromagnet. Although the spin averaged a(ji fs 3.4. For inst the hot elect . larizati
tenuationg(E, T) in the ferromagnet has no spin dependenc els. 5,4. For Instance, the hot electron spin porarization
ttends to suppress the parallel collector current while it con-

save for affecting the magnitude of the collector current, it butes h i ” el t Th beli
has been supposed ttg(E, T) =g(E)exp(—T/T,). Once we L' tltehs (r)]etn lantie €an lpalra_e furren : ust,hwed_ﬁe |ev$
obtain the spin dependence collector current, then magn nat the not electron spin polarization causes the difieren

L havior with temperature. Now, we display the main results
tocurrent(MC) can be calculated by the definition ena R »
(MC) y of this calculation in Fig. 3. The circle shows the MC at zero

Ip(eV,T,CDS)— |AP(eV,T,q)8) temperature. The MC increases with bias voltage as one can
P o see. At zero temperature, we have only spin dependence
1" (eV,T, ®¢) from hot electron spin polarization, and the spin asymmetry
Since the hot electron magnetotransport is not understoodf hot electron inelastic scattering strength tends to increase
even qualitative manner so far, we will focus on qualitativeup to around 2 eV according to the theoretical calculatidns.
understanding, not quantitative study. In the issue of spifNow, it is of interest to consider the MC at 300 K. In this
mixing, if the energy of injected hot electron is very close tocase, both the hot electron spin polarization and spin mixing
the Schottky barrier height, then the spin mixing effect maydue to thermal spin wave have been taken into account. One
not play an important role to the collector current since thecan clearly note that the MC increases up to around 1.3 eV
energy loss tends to suppress the collector current becauseaad starts to decrease above it. This qualitative behavior ac-
Schottky barrier exists at the collector side. Thus, in thiscords with the experimental data energy. It should be pointed
model calculations we assume that the spin mixing effect ishat the measured MC is around 250% and the theoretical
operating when the energy of hot electron is greater than thealculation shows approximately 120%. One can understand

X[1-Psw(E,T)]

MC(eV,T,®2)=

132401-3



BRIEF REPORTS PHYSICAL REVIEW B 65 132401

8.0 . . 400.0 . .
o]
o° °
OParallel current (0 K) o)
< Anti—parallel current (0 K) o O0K o
AParallel current (300 K) o *300 K o o
 Anti—parallel current (300 K) O
© 3000 | o 1
6.0 [ i : o
© O
o) o
o
O o)
- . o
¢ © < 2000 | O .
?) 40 AL 7 g (o)
° o] aLb
8 A
3 a2 o
3 le) A o
© 4 * %
A I e L
o & 100.0 F o _* J
a *
20 ® 1 o %
3
o & Ooooiiié?@* 0,*
A O * X o}
O ¥ o *
Oac % Q¥
O x *
o i * 0.0 . .
gﬁgﬁé . . “05 10 15 20
%005 1.0 15 20 Bias voltage (eV)
Bias voltage (V) FIG. 3. The bias voltage dependence of magnetocurrent at zero
FIG. 2. The parallel and antiparallel collector current at zero andand 300 K with different hot electron spin polarizatoin. The asterisk
300 K. Here, T is taken as 1200 K. displays the MC at 300 K and the circle is the one at zero tempera-
ture.

that the MC is sensitive to the magnitude of the spin depenport assuming well defined switching of spin-valve base. In
dent collector current itself, then the MC can be enhanced byhis model calculations we have taken into account the spin
spin dependent scattering process even if it has no temperdependent inelastic scattering effect and spin mixing due to
ture dependence. In this calculation, we have not consideretiermal spin waves. We have also considered the spatial in-
such process since our interest is to explore the temperatur®mogeneity of Schottky barrier effect. The MC increases up
and bias dependence of hot electron magnetotransport quate near 1.3 eV and we believe that this comes from the hot
tatively. However, we obtain that the calculated MC at roomelectron spin polarization. At room temperature, the MC
temperature shows similar trend in a qualitative mannershows substantially different feature from the zero tempera-
Thus, this model calculation indicates that the spin depenture due to spin mixing effect and the result agrees with the
dence of hot electron transport is obscured by the spin mixexperimental data qualitative manner although the experi-
ing and this effect plays an important role in the structuremental measurement is not clear to interpret since the switch-
discussed in this work if the bias voltage is sufficiently largering is not well defined. Thus, if one measures the MC vary-
than the Schottky barrier height. ing the bias voltage and temperature, then the mechanism

In conclusion, we have explored the applied bias voltagelue to hot electron spin polarization and spin mixing as de-
and temperature dependence of hot electron magnetotranseribed above will be tested.
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