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Meservey-Tedrow effect in ferromagnet/superconductor/ferromagnet double tunnel junctions

Gerd Bergmand,Jia Lu? and Dawei Wang
1Department of Physics, University of Southern California, Los Angeles, California 90089-0484, USA
’Departments of Materials Science and of Electrical Engineering, University of California, Irvine, California 92697, USA
(Received 2 November 2004; revised manuscript received 18 January 2005; published 28 April 2005

Double tunneling junctions of ferromagnet-superconductor-ferromagnet electf@iésshow a step in the
conductance when a parallel magnetic field reverses the magnetization of one of the ferromagnetic electrodes.
This change is generally attributed to the spin-valve effect or to pair breaking in the superconductor due to spin
accumulation. In this paper it is shown that the Meservey-Tedrow effect causes a similar change in the
conductance since the magnetic field changes the energy spectrum of the quasiparticles in the superconductor.
A reversal of the bias reverses the sign in the conductance jump.
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I. INTRODUCTION (2) Gap reduction due to spin accumulation: In the anti-
ferromagnetic alignment one obtains spin moment
During the last five years single electron transist@&T) accumulatio” because the spin moment up electrons have a
with two ferromagnetic electrodes and a superconducting issmall resistance for tunneling onto the island and a large
land have been studied experimentaifyand theoretically.  resistance to tunnel off the island while the opposite is true
Experimentally one generally uses ferromagnetic-for spin moment down electrons. This spin moment accumu-
superconductor-ferromagnetic double junctions which conifation can reduce the superconducting gap of the Al island.
sist of an Al strip of length of about &m, width of 50-100 This will lead to an increase of the conductance in the field
nm and thickness of about 20 nm. The Al is oxidized, andwindow (B, Bs).
two Co electrodes with a slightly different width and twice  In this paper we want to show theoretically that there is an
the thickness cross the Al strip at a separation of a few 10@dditional contribution to the current because of the Zeeman
nm. They form two tunneling junctions. Figure 1 shows theeffect which shifts the excitation spectrum of the quasiparti-
schematic arrangement of the two ferromagnetic Co eleGzjes in the Al by,z:)eB (;Z:moment of the spin up and down
trodes and. Al isIand._A magnetic field_is gpplied parallel Oglectrons,B=external magnetic fie)d This effect has been
the Co strips and aligns the magnetization of the two Cqpiensively studied by Meservey and Tedrow in many beau-
electrodes. Then the magnetic field is reversed. At @ mag;f| experiments(see the review artick In a series of
netic fieldBs,, the wider _Co_stnp fllps its magnetization to b_e papers®12their group investigated the tunneling I-V-curves
parallel to the magnetic field while the narrower Co stripf forromagnet-superconductor tunneling junctions in differ-
remains antiparallel to the external field because its coercivg magnetic fields. They showed that the I-V-curves were
field is_Iarggr. At the same time the current through theasymmetric with respect to the voltagaecause of the dif-
double junctions changes abruptlyBy, At the fieldBs,the  ferent density of the spin up and down electron at the Fermi
narrower Co strip also reverses its magnetization and theyface. From the asymmetry they derived the polarization
magnetizations of the two Co strips are again parallel 1o they the effective density of states of the tunneling electrons.
external field(The relative orientations of the magnetic field 14 o knowledge the magnetic field and the magnetization

and the magnetization of the two Co electrodes is showRyere glways parallel to each other in their measurements.
later in Fig. 4) If one applies constant bias to the junction

then the current shows a jump at each of the fidgsand J ] J
B, (with opposite sigh Such jumps at the fieldBs,, B, 1 2
have been observed in a number of experiméTits. Al
In the theoretical discussion one generally considers two
mechanisms which change the curréiret. conductangeof
the double junctions in the field ran@B,,, Bs,):
(1) Spin-valve effect: When the magnetizations of the Co

stripsm; andm, are both parallel t¢ then one has a large 7] CO B
density of states in both Co electrodes for the spin moment
up electrons, while the spin moment down electrons have a y

small density of states in both electrodes. For(gm@n mo-
ment up one has two small resistanégsin series and for

the other direction two large resistandgs. The total con- ] X

ductance is thenG,=1/(2R;))+1/(2R,)). If the two Co -eU el

strips have opposite magnetization then the conductance is

G, =2/(Ry+Ry)). Itis easy to show thab,; =G, . Therefore FIG. 1. The schematic geometry of a FSF double junction, con-
the current should drop inside the field wind6. sisting of Co/Al/Co.
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4 b ing current at the coercive fields of the Co electrodes. The
A L 0 A L B latter are quite smalbetween 0.1 T and 0.2)T&nd its effect
B . on the density of states can be neglected.

At zero temperature one obtains for the moment up and

down tunneling currents,
2 DA

TR | » V(e

B [;=CNuNs| _ = dE
A-ucB \/ (E+ ueB)? - A(B)?
= CNyNsy((eU+ ugB))? - A(B)?,
FIG. 2. The tunneling density of spin moment up electrons in a mNs( #eB)) ®)
FS tunneling junction for different orientations of the magnetic field U .

and the magnetizatiom of the ferromagnet(a) B andm are par- _ (E- ueB)

allel, both pointing iny; (b) B andm are antiparallelB pointing in I =CNeNs| — 2 2dE
‘ : A+B (E - 1aB)? - A(B)

-y, min y; (c) and(d) The bias is reversed.

= CNNs\((eU - ugB))® - A(B)%.
_We want to demonstrate th_at one ha_s to take _the field and The constantC contains the tunneling matrix elements
spin dependence of the quasiparticles in the Al into account : o
: .~ and universal constants. The energy gap is given\fy).
when calculating the current through the double tunnelin or thin films and strives which are alianed parallel to an
junctions. To demonstrate this effect we consider a dOUbIexternaI magnetic fielc? we use the resglt frorr:1 Ref. 13 for
tunneling junction system in which the two junctions are so 9 : '

far separated that the spin-orbit scattering destroys any spme dependence af on the magnetic field:

polarization along the diffusion path of the electrons from B \2

the first tunneling junction to the second one. This means A(T,B) :A(T’O)Vl_<8 (T)) :

that only the total current, through junction 1 must be equal ¢

to the total current, through junction 2; the spin up and where the fieldB.(T) is determined by the ratio of the pen-
down currents through the two junctions can be quite differ-etration depti\(T) and the film thickness.

ent.
—NT
B.(T) = \"24% Bep(T).

Il THEORY AND SIMULATION B.u(T) is the thermodynamic critical field.

A. Single junctions The use of the density of states in the tunneling current is
We first consider a single ferromagnet—superconducto? dramatic oversimplification since the tunneling probability

tunneling junction at zero temperature. In Fig. 2 the densit););c eleclztronstﬁt d&fferfi.”‘ pafrttsho_f the Ferm|| su_trfacel otl_epetnds
of states for both metals is plotted after lifting the energytshrort1g|y Olf‘ E Irec g&o Nelr g(;ol\tljphve oc'lyt;ez_a |;/e 0
bands of the ferromagnet B, e tunneling barrier. v» Nm and Ng have to be inter-

In a large body of experiments Merservey and Tedrow preted as “effective tunneling densities of states.” In the
showed that a magnetic field parallel to the tunneling juncpresent paper we only need the relative magnitudesspf

tion shifts the excitation spectra of spin up and down eIec:—and Nm which are given by the experimental polarization of

) . o the tunneling current.
trons in the superconductor byB in opposite directions. Merservey and Tedrow obtained a number of interesting

This Zeeman effect in the superconducting excitation specragyits for a FS junction in a parallel magnetic field:

trum enhances the current of the majority sfsige Fig. £a)) « The I-V-tunneling curve is nofpoint) symmetric about
when the electrons are flowing from the ferromagnet to thg,q origin.

superconductor. One obtains a net spin curfefth moment
up). The I-V-curve is nofpoint) symmetric about the origin. .., pe evaluated.

The tunneling current for spimomentup and down is « The polarization is always parallel to the majority mo-

given by the density of states in the superconductor and thg,en¢ of the ferromagnet and not proportional to driensity
majority Ny and minority Ny,, density of states in the ferro- ¢ «iates at the Fermi surface.

magnet. For the density of states of moment up and down ey ghtained a polarization of 35% for Co/Al junctions.
electrons in the superconductor we use thbifted BCS There is another interesting consequence of the energy
density of StateNS(Ei,ueB)/\/(Ei,ueB)z—A(B)Z (Nsis the  shift of the Zeeman effect. Let us consider a single Co/Al
density of states of the superconductor in the normal statetunneling junction, i.e. the left half of Fig. 1. We align the

In the presence of a magnetic field and finite spin-orbit scatmagnetic field parallel to the Co strip in the negativeli-
tering this density is slightly smeared. However, Meserveyection and keep the voltage across the junction constant. For
and Tedrow showed that for Al with its small spin-orbit scat- simplicity we assume that the temperaturéd®se t9 zero.
tering they obtained a good agreement between experimelite start with the magnetic fieldBg(0) which suppresses
and theory by using the shifted BCS density of states. As wauperconductivity in the Al completely. Then we sweep the
see below, our main interest is in the behavior of the tunnelmagnetic field towardsB(0). As soon as the magnetic field

» The tunneling current is polarized and the polarization
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o8 eUO(:'eV) B. Double junctions
e We now want to calculate the current steps in a double
0.41 —_— e junction due to the Meservey-Tedrow effect. In this calcula-
7 03] tion we ignore the spin accumulation and gap reduction.
g \r__,,..,-o.s Such a situation can be experimentally realized by using a
£ 021 long Al island so that the two junctions are relatively far
e single FS-junction 0.2 apart. As we discussed above the tunneling current through a
£ " \/ single Co/Al junction is polarized. This means that polarized
° o0] electrons are injected into the Al strifor example, atl,).
---------------------------------- e I 0.2 These polarized electrons propagate by diffusion and their
0.1 T v v y g polarization decays with the distance from the injectidue

04 -0.2 0.0 0.2 04 . . . .
B to spin-flip processeslf the separation of the two tunneling
junctions is larger than the spin diffusion length then the

FIG. 3. The simulated current through a FS-tunneling junctionlUnctionJ, cannot detect the polarization at junctiap (The
while the magnetic field sweeps from0.5 T to +0.5 T. The num-  humerical value for the spin diffusion length varies in the
bers besides each curve give the different biase®+0.16 T the  literature between 10-100 nm anduin.>*) The two junc-
magnetization of the Co strip reverses. tions are decoupled and the effects of the spin-accumulation

and the gap reduction disappear. In this case all spin-valve
» o effects are also excluded. Mathematically this requirement is
takes positive values, the magnetization of the Co and thgypressed by the condition that only the total currents
field are antiparallel and therefore the junction is in an Unthrough junctions); andJ, must be identical; the individual
stable energetic state. Due to its coercive fijglthe Co can  gpin currents can be different. As a result both spin directions
maintain the antiparallel orientation up to the fi&lg. Then experience the same shift in the chemical potential. We
the Co film will switch its magnetization. As a consequencepyiefly comment in the conclusion how the Zeemann effect
the tunneling current will also change. ~_ contributes in a full theory of the FSF-SET.

In Fig. 3 we calculate the current through the junction  As shown in Fig. 1 the total potential difference between
using the following parameters: the energy gap in Al at zergne right and the left electrode i®P. We consider the bias
temperatured=0.2 meV, the field that suppresses superconys positive when the potential on the right electrode is posi-
ductivity completely B;=1.5T, the switching fieldBy  tive. Then the electrons flow from the left to the right side, as
=0.16 T, the polarization of the effective density in the Cognown in Fig. 4.
p=0.35. We sweep the external magnetic field frerfd.5 T We consider first the special ca&® in Fig. 4 wherem,,
to 0.5 T. When the magnetic field changes sign, the Zeema||r,112 and B are all pointing in the positivey direction. In
term changes sign as well. At the magnetic fi#lgh the  general the currents through the junctiahsand J, are not
direction of the Co magnetizatian becomes aligned paral- jgentical when their bias is the same, iet). Therefore the
lel to the magnetic field. At the same time the current jumpshemical potential of the island will shift by (which has to

to a higher value. _ be determined self-consistentlyrhen the(spin moment up
In Fig. 3 the calculated tunneling current through a Co/Alrrent through junctiond; andJ, are given by

junction is plotted for constant bias as a function of the mag-

netic field. The different curves are for different biases which Iy = CNNy (Ve + ¢+ ugB)2 = A?),
are given in meV at the right side of the curves. One recog- (1)
nizes that the current shows a jump at the switching field IZT:CNSNMV’((Ve_ ¢—MBB)2‘A2)-

B4=0.16 T. For positive bias the current increases at the

switching field while for negative bias ti{@bsolute value of (The symbol] stands again for spin moment up.

the) current decreases. Furthermore, the minimum of the The other current contributions can be obtained from
I-B curve is not aB=0 but shifted to positive field values. If these currents by applying simple rules:

the field is then swept fro8,,=0.5 T to —0.5 T the result- (1) The contribution of spin moment down electrons is
ing current curves are just a mirror image of the shownobtained by changing the sign of the tepgB in I, andl,
curves. and exchangindNy, andN,, in Eq. (1).

It is important to note that a reversal of the applied volt-  (2) If m, points in the ¥y direction one has to repladé,
age corresponds to a tunneling of electrons from the supeby N, in I;.

conductor to the ferromagnétee Figs. &) and 2d)). In this (3) If m, points in the ¥ direction one has to repladd,
case the current is smallerif is parallel toB because foran by N, in I,.
electron with moment up to tunnel fro®to F, a Cooper (4) If B points in the ¥ direction one has to change the

pair has to split and the moment down electron is elevated bgign of the termugB in 1; andl.,.

A+ ugB into an excited state in the superconductor while the |t is sufficient to calculate the current for spin moment up
moment up electron tunnels into the ferromagnet. The con¢Eq. (1)) in the alignment of Fig. @). Then the above rules
tribution of moment up electrons to the tunneling current isyield the current for moment up and down under all circum-
reduced taCNyNsy/((eU- ugB))?~A(B)?. Therefore the cur-  stances. For example the corresponding spin moment down
rent changes to a smaller value when the magnetization flipgurrents are
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(Nm—Np) V,
F [,,=CNgNy +N /v2—A2<1— = B
l| ' . " s( M m)\/ e (NM+Nm)(V§—A2)MB

- E(Vi _ AZ)Z(MBB)2> )
7 l _E(V'g'——AZ)Z(MBB)2>’
AL I, = CNg(Ny + Ny VV2 = A2
t /] : 2
J 7 , ONyN, A

X( " (N + Ny)? (V2 A2)2

a (Ny-N.) V.
- N2 - A2 M e
A LL 1 I/, = CNg(Ny + NV Va = A <1+(NM+Nm) (Vg_AZ)MBB
b
1 A?
c

(MBB)2> .

«—

Here the indices of the currents give the direction of the

d magnetizationsn; and m, with respect to they direction.
E B For example|l |, is the current form; antiparallel andm,
I parallel toy. Whenm; andm, are antiparallel to each other
l (i.e., forl,; andl ;) then the chemical potential of the island
e¢ is zero. In the parallel orientation one obtains
i ep=- (N = Nop) for |
FIG. 4. The current of spin moment up electrons through a HMB (Ny +N,)’ s

FSF-double junction(@ The momentsn,;, m, andB are all paral-

lel, pointing in the 4 direction;(b) the magnetic field has changed

to the -§ direction; (c) the momenim, has switched aBs,, to the _ (Ny —Np)
-y direction; (d) the momentm; has switched aBg, to the ep= +'“BB(NM +Ny)’

direction; m;, m, and B are all parallel, pointing in the ]
direction. The dependence of the currents on the quadratic term

(ugB)? is rather weak, so that it is sufficient for a qualitative
discussion to restrict ourselves to the linear dependence on
; (#gB). When we start with a large negative magnetic field
1) = CNNpV (Ve + ¢ — ugB)? - A7), (B1 1Y), then both magnetizationsy,; andm,, are antipar-
(2)  allel to §. In the linear approximation the current Is,

=~ VVﬁ—AZ(NM+Nm). At the positive fieldBg,, the magneti-

;= CNNpV (Ve — b+ ugB)? = A?). zation of the junctionl, flips and aligns parallel to the field.
Then the new current is; which corresponds to a relative
We calculate the total current perturbatively. For a suffi-decrease of the current

ciently large bias, i.e.eU>A, the termse¢ and ugB are
small compared taVZ-A?, and we can expand the different al =- (N =N) Ve g
current contributions as a Taylor series in termsegfand ' (N + Ny) (V2 =A%)
ugB up to second order. Since the current depends on thR
or|ent§1t|on of three vector;nl, mo andB, we choose thg allel toy. Then the current returns to the original curve since
direction as a reference direction. The valueBdé negative I,,=1,, in this approximation. It is important to point out that

whenB is antiparallel toy. We calculatdin perturbationthe he step in the current is positive when the magnetization of

forl,.

t the higher fieldBg, the other electrodé, also aligns par-

currentsly, Iy, Iy, Iy, for the four possible orientations of he (negatively biasedjunction J; (i.e., m,) flips first. Then
m, andm,. The results are collected in the following equa- the current changes froin, to I).
tions: In Fig. 5 we sweep the magnetic field from0.5 T to

+0.5 T. The current through the double junction is plotted
versus the sweeping magnetic field. The junctigrhas the
switching fieldBg,,=0.14 T while junctionJ; has the larger

l1; = CNs(Ny + vag - A switching field ofB;,=0.18 T. We use different bias voltages
NN A2 in the range of —0.2 me¥ -eU=<0.7 meV. Thel-B curve

(1 - M Tm VRN 2(MBB)2)! in Fig. 5 shows a downward displacement in the field win-
(Ny +Np)® (Ve - A% dow (B, Bs,). For negative eU (i.e., U>0) the absolute
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FIG. 6. The current through the FSF-single electron transistor
for different biases. The switching fields are identical to Fig. 5, field
sweep is from+1.5 T to —1.5 T. Energy gap and Coulomb energy
are 0.2 meV and 0.1 meV.

FIG. 5. The current through a FSF-double junction while the
magnetic field sweeps from0.5 T to 0.5 T. The numbers at the
curves give the different bias. The switching fields for the two Co
strips are 0.14 T and 0.18T.

_ / _ 2_ A2
value of the current increases. This means that the displace- !11(") = P(N)CNyNsV((€U = (2n+ D)Ecy + ugB))” — A%

ment changes sign when the bias is reversed. The current from the Al island witim excess electrons onto

the right Co electrode is

lll. THE SINGLE ELECTRON TRANSISTOR 1;(1) = PN CNyNe\ ((€U+ (21— DEp - poB))% — AZ.

When the size of the two tunneling junctions is in the The occupation probabilities(n) are obtained by the condi-
nanometer scale, then their capacitance is small and the tufion that the flow of electrons on the island withexcess
neling electrons change the Coulomb energy on theilectrons is equal to the outflofgee for example the review
island*>2° I an electron from the left electrode with the article!8). This yields simple linear equations fefn). The
band energy, tunnels onto a state on the island with the cyrrents for spin moment down and different orientations of
pand energy, and changes the number qf electrons on theg, m, andm, are obtained by applying the rules which we
island fromn to (n+1), then the conservation of energy re- siated above. The results of this calculation are plotted in

quires that Fig. 6. We use for the Coulomb ener@y, the valueEg,
=0.101 meV.
_ e Cg There are a few kinks in the current curves of Fig. 6 as a
g +Ue=¢g +(2n+ 1)5 - C_zeUG' function of the magnetic field. They occur when the maxi-

mum number of electrons on the island changes by one. The
On the other hand, if an electron from the island with themagnetic field lowers one subband of the superconductor and
band energy;, tunnels into a state on the right electrode with reduces the energy gap. WheneVeU+ugB)~A(B)]/Ecy
the band energyr and changes the number of electronsCrosses an odd integé2n+1) as a function of increasin@|
from n to (n—1), one has to fulfill the condition the maximum number of electrons on the island increases by
one. Furthermore, one observes that again for negative bias

e? - the sign of the relative current jump in the windéR,,, Bs,,)
+tUe=¢er-(2n-1)—— - —el:. i
g er—( )2C2 c, oY changes sign.
HereUg is the gate voltage an@sy =C,+C,+Cg, whereC,, IV. DISCUSSION AND CONCLUSION

C,, andCg are the capacitances of the two tunneling junc- | the discussion of a single ferromagnet-superconductor

Ecy=€°/2Cs. In the following we consider only zero gate ~ « For electron flow from the ferromagnétinto the su-

voltage. ) ) perconductofs the currenincreasesvhen the magnetization
At a sufficiently large biag2eU>2(A+Ecy)) the island  m aligns parallel to the magnetic field.
can gain or lose up tng electrons wheréat T=0) ng is given » For electron flow from the superconduct8rinto the

by no=int[ 5((eU-A)/Ec,~-1)]. The probability fom excess  ferromagnef the currentdecreasesvhen the magnetization

electrons on the island may Ipén) which will be determined  m aligns parallel to the magnetic field.

self-consistently. From these facts it follows that the current jump in a
First we calculate the currents for spin moment upiemd double junction changes sign when one reverses the bias.

andm, parallel toy. For tunneling from the left Co electrode When the source electrodghe electrode from which the

onto the Al island withn excess electron@rior to the tun-  electrons tunnel into the islapdips its magnetization first,

neling), the current ;;(n) of moment up electrons is then the conductance of the source-island junction increases
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and therefore the current through the SET increases. Whatlistinguished from the effect of spin accumulation and gap
the drain electroddthe electrode into which the electrons reduction because it changes sign when the bias voltage is
tunnel from the islandflips its magnetization first, then the reversed.
conductance of the island-drain junction decreases and there- A full theory of I-V curves of FSF-SETs is desirable
fore the current through the SET decreases. Since a reversghich includes all effects, spin accumulation, gap reduction
of the bias exchanges source and drain one finds that thghd zeeman splitting. The above calculation can be rela-
relative change of the current at the fig, has the opposite  tjyely easily generalized. One needs essentially the reduced
sign. _ L gap and the shifted chemical potential as input for the
In a nutshell: a flip of the magnetization in the electron \yaqerey-Tedrow effect. So the difficulty lies in a quantative
source yields an increase of the current and a flip of the(heory of spin accumulation and gap reduction which in-

magnetization in the electron drain a decrease. T cludes a position dependent polarization in the Al island due

cu_rves_for opposite directions of the magnetic field sweep are the interplay between the injection, diffusion and spin flip
mirror images of each other. of the polarized electrons.

In this paper we have intentionally excluded a spin cou-
pling between the two tunneling junctions. Such a coupling
has been observed, for example, in the beautiful spin preces-
sion experiment by Jedemat al* The Meservey-Tedrow
effect is an additional phenomenon which has to be included The research was supported by the National Science
in the analysis of FSF-single electron transistors. It can b&oundation NIRT program, No. DMR-0334231.
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