PHYSICAL REVIEW B VOLUME 60, NUMBER 21 1 DECEMBER 1999-I

Resonant transmission of normal electrons through Andreev states in ferromagnets
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Giant oscillations of the conductance of a superconductor-ferromagnet-superconductor Andreev interferom-
eter are predicted. The effect is due to the resonant transmission of normal electrons through Andreev levels
when the voltag®/ applied to the ferromagnet is close tb2e (hg is the spin-dependent part of the electron
energy. The effect of bias voltage and phase difference between the superconductors on the current and the
differential conductance is presented. These effects allow a direct spectroscopy of Andreev levels in the
ferromagnet[S0163-18209)04545-3

Recently a high sensitivity of the conductance of meso-ary resistance of aB/F/S system were reported in Ref. 16,
scopic systems to the superconductor phase differ¢nicas  and phase-coherent effects in the conductance of a ferromag-
been observed and theoretically considered innet contacting a superconductor were observed in Ref. 17. In
superconductor—normal conductor—superconductor  strudhis paper we predict giant oscillations in the conductance of
tures G/N/S structures (see, e.g., the review paper by Lam- an S/F/S heterostructure in which the ferromagnet part is
bert and Raimondj. This effect arises because of a quantumseparated from the reservoirs of normal electrons with poten-
interference of quasiparticles due to Andreev scattering dial barriers(“beam splitters”) of low transparencyt, <1,
two (or more N-S interfaces. This is caused by the fact thatse€ Fig. 28
the phase of the superconducting condensate is imposed on In the case of Andreev reflections, the paramagnetic effect
the quasiparticle wave function in the normal metal. One ofessentially modifies the interference pattern in the ferromag-
the manifestations of the quantum interference is giant oscilnetic region. The momentum of an electron with spin up/
lations of the conductance of the normal metal as a functioglown p{ /p} and the momentum of the reflected hole with

of the phase difference between the superconductor predictéde spin down/up)*f/p%1 are(see Ref. 7.

in Refs. 2,3.
A single electron in a normal metal with energy below the p%el): /p2F+2m(Ei ho, p(ﬁ): /sz—Zm(Ei ho),
superconductor energy gadp cannot penetrate into the su- (1)

perconductor. However, under Andreev reflection aiNaB

interface two electrons with nearly opposite momenta andvhere E is the energy of the incident electron measured
spins leave the normal metal to create a Cooper pair in thffom the Fermi levekg, pg is the Fermi momentum, and
superconductor; hence the incident electron is transformei@ the electron mass.

into a hole with the opposite direction of the spin. The spin

flip does not effect the interference pattern of the nonmag- €

netic normal metal because all energy levels are doubly de-
generate with respect to spin. In ferromagnets, however, this
degeneracy is lifted due to the interaction of the electron spin
with the ferromagnet’s spontaneous momglow we refer

to it as the exchange-interaction enefgy), and electrons
with opposite spins occupy different energy bartEi. 1).

In this case, the change of spin direction associated with
Andreev scattering shifts the reflected quasiparticle from one
band to the other. The latter influences the quantum interfer-
ence. The Josephson current in a superconductor-
ferromagnet-superconductoB8//S) structure was investi-
gated in Refs. 4—6; transport properties FfS junctions
were investigated in Refs. 7—15; experiments on the bound- FIG. 1. Energy bands for electrons with opposite spins.
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rapid oscillations®=S/%4 as a classical actiois= [pd]
along the path. A typical classical trajectory of this kind for
an incident electron that undergoes a number of Andreev and
normal reflections &t -S boundaries is shown in the insert of
Fig. 2 (solid and dashed lines are for electronic and hole
paths, respectively The electron-hole transmission along
this trajectory is similar to the resonant transmission of an
electron through a two-barrier systdigschematically shown

in Fig. 2) in which the incident electron tunnels through a
potential barrier | (solid line ), moves along a one-

dimensional chain of scatterefslack dots in Fig. 2 repre-

FIG. 2. (a) The geometry of the system under consideration andsenting Andreev and normal reflections FtS interfaces,

a classical path contributing to the resonant part of the conductanceémd then is reflected back as an electron through potential

Thick lines indicate potential barrieréh) Schematic representation barrier | d itted th h ial barrier Il
of the path in(a) through which the resonant transmission occurs: arrier | and transmitted through potential barrier |l as a

an incident electron tunnels through potential barrier | moves along'©le- Li (i=0,%1,...) is thelength of the quasiparticle
a 1D chain of scatterers &S interfaces(dot where Andreev+  Ppath between two successive scattering$ /8 interfaces,
normal scattering takes place, and is reflected back through the firgthich is the distance between the neighboring scatterers for
barrier | as an electron and transmitted through the second barrier the 1D chain of Fig. 2. The paths; are uncorrelated and
as a hole. Semiclassical electron and hole paths are shown with fuience the chain of Fig. 2 is a 1D system with random dis-
and dashed lines, respectively. The 1D chain is disordered as theinces between the scatterers. In the same way as in Ref. 20,
lengths of .the sections petween successive scatteripg events at difcan be shown that due to the above-mentioned phase com-
ferentF/SinterfacesL;; i=0,x1,... arerandomly distributed. pensation the motion of the quasiparticle in this chain is
reduced to the conventional quantum motion of an electron
From Eq.(1) it follows that in contrast to the nonmagnetic With energy|E|—hy (but having the Fermi velocity-ve) in
case, near the Fermi leveE&0) the electron and the hole the 1D disordered chain of centers of backscatterings where
momenta in the ferromagnet are different, and for largehe backscattering amplitude is the probability amplitude of
enoughh, (usually hy is greater than the Thouless energy the Andreev reflectiomgl'z) and the amplitude to pass to the
the interference effects are absent due to the destructive imext section of the chain is the probability amplitude of the
terference. This fact demonstrates the conflict between supeformal reflectiorr(Nl'z) at F/S interfaces 1 and 2the prob-
conductivity and magnetic ordering i8/F/S structures.  apility amplitudesr, andry are given in Refs. 7, 22, and
However, interference effects in the ferromagnet can exisp3) |n this situation, forE+h, the phase gains between
albeit at some finite voltag¥’ applied between the reser- gy ccessive backscatterings are random, and quasiparticle lo-
voirs. If the energyE|~ho<|A| the change of the quasipar- ;i aion takes place. For{"?|<1 (Ref. 24 andt, <1 a
ticle momentum under Andreev reflection is smiate Eq. harp resonant transmission occurs between points | and Il

(1)], while the velocity changes its sign, and an essentia hrough discrete energy levelsf the Andreev-typgthat cor-

cancellation of the phase gain along trajectories including d to th inarticle states localized d th
electron-hole transformations at the superconducting boun espond 1o Ihe quasiparticie states focalized aroun € sec-
tion of the electron injection. Matching amplitudes of the

aries takes place. AE|=hg any such a classical trajectory is | d hol classical ¢ . .
closed (in this case, under Andreev reflection the electron® ectron and hole semiclassical wave iunctions in every sec-

and hole momenta are equal and hence the reflected qualien Of propagation between scattering poifdsts in Fig. 2
particle is sent exactly back along the classical path of th&nd taking into account the phase gains along the paths be-
incident quasiparticle and this cancellation is complete at tween them show the probability of electron-hole resonant
¢=m(21+1), 1=0,+1, ..., irrespective of the geometry transmission through an energy le&| (Ref. 23 to be of
and the length of the trajectof§ From here it follows that at the Breit-Wigner form, T(E,a)xt/{[(E—E,)7o]%/%?

||E| —ho|<E+h (Eqh is the Thouless energynd ¢ close to +btr2}, wherer, is the time of motion along the path of the
odd multiples ofwr, such paths take part in the constructive lengthL, in the section of injection, constabt-1.
interference resulting in resonant transmission through An- The total electron-hole transmission probability,(E) is
dreev levels. In our calculations of the probability amplitudea sum of T(E,«) with respect to the starting points of the
of the electron-hole reflection back to the reservoir of thesemiclassical trajectories inside the reservoir separated by
electron injection and the electron-electron transmission talistances of the order of: . These trajectories meet differ-
the other one, we use the approach developed by us in Refnt “random” sets of impurities, and hence their path
20 assuming the motion of quasiparticles inside the ferrolengths and the times of quasiparticle propagation along
magnet to be semiclassical. The new class of twothem are randomly distributed. Therefore, the summation
dimensional(2D) magnetic semiconductors with large di- over the starting points is equivalent to averaging the trans-
electric constants and small effective massaegery well  mission probability with respect to realizations of timegr,
satisfy the condition of the semiclassical motion is the time of propagation along section(see Refs. 3 and
=rpe/fi>1 (rsisthe screening length in the ferromagnet 20). It seems reasonable to assume the propagation #mes
with a=10-1¢. Within this approach one can find the to be uncorrelated. Under this assumption, as is shown in
wave function of the scattered quasiparticles by mapping th&ef. 20, the total transmission probability,(E) is propor-
incident wave along classical paths determining the phase difonal to the density of localized states in the 1D disordered
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FIG. 4. Normalized current-voltage characteristics for phase dif-
ferences¢p=m (full line), ¢=1.17 (dotted ling, and ¢=1.27
(dashed ling shown for|r{(M|=0.05, |r{?)|=0.1, andhy=E+p; I,
=(v2e%27h)N, t,(2h,/e).

(b)

=0,=1,+2,.... While writing Eq. (3) we took y=7, and
assumedhy,—eV/2|<Ey,. Equations(2) and (3) describe
the current and differential conductance &&kT/Ety
<|r{}® for both the magnetito#0 and nonmagnetit,
=0 cases.

Numerical results for the conductance and the current
based on Eq(3) are shown in Figs. 3 and 4. They demon-

FIG. 3. Normalized differential conductan€ée=dl1/dV of the
SIF/S structure for|r(P|=|r{?)|=0.1 and|r{’|=0.05, r?|=0.1
shown in(a) and(b), respectively, at phase differenceés= = (full
line), ¢=1.17 (dotted ling, and ¢=1.27 (dashed ling G,

=(2e?/h)N, t, .

strate a high sensitivity of the conductance and the nonlinear
current-voltage characteristics to both the superconductor
phase difference> and voltageV.

At odd multiples ofm and|r (| =|r{?| there is a symme-

try between the clockwise and counterclockwise motions of
electron-hole pairs in the ferromagnet, and the energy level
|E| =h, is degeneratésee above®’ Under this condition the
maximum of the resonant transmission through Andreev lev-
els is ateV/2=h,, and a resonant peak in the conductance is
observedFig. 3@)]. Even a small deviation of from an
odd multiple of 7 will repel Andreev levels fromh, that
splits the conductance peak.

In a more realistic experimental case wHefP|# |r{?|
the symmetry is broken, and Andreev levels are repelled
. . . : from the levelh, (see Ref. B the shift being proportional to
particle with the spin up {) or down (|) averaged with sra=Ir®|—r@||. As a result the resonant peaks of the

respect to the configurations j, . d | Fi At | | f
In order to get an analytical result we assume the districonductance are splisee Fig. &)]. At low voltages, far

bution P(7) for the propagation times to be of the Lorentzian fLom 220/91 we hivfja reslonalnt tundnerlling of quellsipe?r_ticlles
form P(7)= ylm[(r— )2+ 1?] (r=L2D and Ls is the through separate Andreev levels, and the current level is low.

distance between the supercondudtdhst, for the configu- xVhenEV/Z?ho anc_i¢>=lt7-r, Andreev Ievetlst concenttrtite neﬁ;h
ration of Fig. 2, permits to find the density of states exactly. 0’ and we have simultaneous resonant transport through the

Using Eq.(2) one finds the resonant phase-sensitive part of/10le number oN, states resulting in & jump of the current

TG 2 ; ;
the differential conductance of the syst@r-dl/dV to be Al =[Ir1+1rPlIGmaho/2e (Gmax is the maximal value
of the conductangeWhen¢ deviates fromm the number of

Andreev levels concentrated nelag is decreasing that re-
A sults in a decrease of the sensitivity of the current to the

h voltage.

We note here that the curve for the differential conduc-
tanceG as a function okV repeats the density of Andreev
states in the diffusive ferromagnet permitting a direct spec-
troscopy of the Andreev levels by conductance and current

chain of Fig. 2, and using the Lambert formtflane gets the
transport current at temperature<k T/Ep,<|r (%] as

(1.1)

r and

eV/2
=N emEnY [T (i hEydE @
1 J—ev2
(here and below we assurhe<(|r ("] +|r{?)|)/2<1). In Eq.
(2), NL=S/)\2 , SistheF/S contact area\r is the electron

wave lengthy Vrf‘fd(E)) is the density of states for a quasi-

G N, t[V]

2 12

V[AVA+ E[4VA+ €41+ 22— av?
[4VA+ X[ 4VA+ €]

©)

where V= (eV/2—hy)/Eq, is the dimensionless applied
voltage ~ measured  from hg, €,p=[6¢%+(|r{’
|+[r{®])21¥25¢ is the minimal value of p— 7(21+1)|, |

measurements.
In conclusion we have demonstrated a pronounced possi-
bility for spectroscopy of Andreev states in ferromagnets at
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energies even greater than the Thouless energy. The pampplications, e.g., as a double-gate ferromagnet transistor and
magnetic effect determines sharp peaks in the conductance adogical AND-element described in Ref. 29.

a function of the superconductor phase differegicand the This work was supported by the Swedish KVA and NFR,
applied voltageV near ¢=m(2l+1), 1=0,+1,£2,...,  the National Science Foundation under Grant No. PHY94-
andV=2hg/e, respectively. This phenomenon is a conve-07194, and Swedish Foundation for Strategic Research and
nient tool for the Andreev level spectroscopy, and enabled/aterials Consortium on Superconductivity.
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