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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 voltageV applied to the ferromagnet is close to 2h0 /e (h0 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.@S0163-1829~99!04545-2#
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Recently a high sensitivity of the conductance of me
scopic systems to the superconductor phase differencef has
been observed and theoretically considered
superconductor–normal conductor–superconductor st
tures (S/N/S structures! ~see, e.g., the review paper by Lam
bert and Raimondi1!. This effect arises because of a quantu
interference of quasiparticles due to Andreev scattering
two ~or more! N-S interfaces. This is caused by the fact th
the phase of the superconducting condensate is impose
the quasiparticle wave function in the normal metal. One
the manifestations of the quantum interference is giant os
lations of the conductance of the normal metal as a func
of the phase difference between the superconductor pred
in Refs. 2,3.

A single electron in a normal metal with energy below t
superconductor energy gapD cannot penetrate into the su
perconductor. However, under Andreev reflection at anN-S
interface two electrons with nearly opposite momenta a
spins leave the normal metal to create a Cooper pair in
superconductor; hence the incident electron is transform
into a hole with the opposite direction of the spin. The sp
flip does not effect the interference pattern of the nonm
netic normal metal because all energy levels are doubly
generate with respect to spin. In ferromagnets, however,
degeneracy is lifted due to the interaction of the electron s
with the ferromagnet’s spontaneous moment~below we refer
to it as the exchange-interaction energyh0), and electrons
with opposite spins occupy different energy bands~Fig. 1!.
In this case, the change of spin direction associated w
Andreev scattering shifts the reflected quasiparticle from
band to the other. The latter influences the quantum inter
ence. The Josephson current in a superconduc
ferromagnet-superconductor (S/F/S) structure was investi-
gated in Refs. 4–6; transport properties ofF/S junctions
were investigated in Refs. 7–15; experiments on the bou
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ary resistance of anS/F/S system were reported in Ref. 16
and phase-coherent effects in the conductance of a ferrom
net contacting a superconductor were observed in Ref. 17
this paper we predict giant oscillations in the conductance
an S/F/S heterostructure in which the ferromagnet part
separated from the reservoirs of normal electrons with po
tial barriers~‘‘beam splitters’’! of low transparency,t r!1,
see Fig. 2.18

In the case of Andreev reflections, the paramagnetic ef
essentially modifies the interference pattern in the ferrom
netic region. The momentum of an electron with spin u
down p↑

e /p↓
e and the momentum of the reflected hole wi

the spin down/upp↓
h/p↑

h are ~see Ref. 7!.

p↑↓
(e)5ApF

212m~E6h0, p↓↑
(h)5ApF

222m~E6h0!,
~1!

where E is the energy of the incident electron measur
from the Fermi leveleF, pF is the Fermi momentum, andm
is the electron mass.

FIG. 1. Energy bands for electrons with opposite spins.
14 593 ©1999 The American Physical Society
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From Eq.~1! it follows that in contrast to the nonmagnet
case, near the Fermi level (E'0) the electron and the hol
momenta in the ferromagnet are different, and for la
enoughh0 ~usually h0 is greater than the Thouless energ!
the interference effects are absent due to the destructiv
terference. This fact demonstrates the conflict between su
conductivity and magnetic ordering inS/F/S structures.
However, interference effects in the ferromagnet can e
albeit at some finite voltageV applied between the rese
voirs. If the energyuEu'h0,uDu the change of the quasipa
ticle momentum under Andreev reflection is small@see Eq.
~1!#, while the velocity changes its sign, and an essen
cancellation of the phase gain along trajectories includ
electron-hole transformations at the superconducting bou
aries takes place. AtuEu5h0 any such a classical trajectory
closed ~in this case, under Andreev reflection the electr
and hole momenta are equal and hence the reflected q
particle is sent exactly back along the classical path of
incident quasiparticle!, and this cancellation is complete
f5p(2l 11), l 50,61, . . . , irrespective of the geometr
and the length of the trajectory.19 From here it follows that at
zuEu2h0z!ETh (ETh is the Thouless energy! andf close to
odd multiples ofp, such paths take part in the constructi
interference resulting in resonant transmission through
dreev levels. In our calculations of the probability amplitu
of the electron-hole reflection back to the reservoir of
electron injection and the electron-electron transmission
the other one, we use the approach developed by us in
20 assuming the motion of quasiparticles inside the fe
magnet to be semiclassical. The new class of tw
dimensional~2D! magnetic semiconductors with large d
electric constants and small effective masses21 very well
satisfy the condition of the semiclassical motiona
5r spF /\@1 (r s is the screening length in the ferromagne!
with a510–102. Within this approach one can find th
wave function of the scattered quasiparticles by mapping
incident wave along classical paths determining the phas

FIG. 2. ~a! The geometry of the system under consideration a
a classical path contributing to the resonant part of the conducta
Thick lines indicate potential barriers.~b! Schematic representatio
of the path in~a! through which the resonant transmission occu
an incident electron tunnels through potential barrier I moves al
a 1D chain of scatterers atF/S interfaces~dots! where Andreev1
normal scattering takes place, and is reflected back through the
barrier I as an electron and transmitted through the second barr
as a hole. Semiclassical electron and hole paths are shown with
and dashed lines, respectively. The 1D chain is disordered as
lengths of the sections between successive scattering events a
ferentF/S interfacesLi ; i 50,61, . . . arerandomly distributed.
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rapid oscillationsQ5S/\ as a classical actionS5*pdl
along the path. A typical classical trajectory of this kind f
an incident electron that undergoes a number of Andreev
normal reflections atF-S boundaries is shown in the insert o
Fig. 2 ~solid and dashed lines are for electronic and h
paths, respectively!. The electron-hole transmission alon
this trajectory is similar to the resonant transmission of
electron through a two-barrier system~schematically shown
in Fig. 2! in which the incident electron tunnels through
potential barrier I ~solid line I!, moves along a one
dimensional chain of scatterers~black dots in Fig. 2 repre-
senting Andreev and normal reflections atF/S interfaces!,
and then is reflected back as an electron through pote
barrier I and transmitted through potential barrier II as
hole. Li ( i 50,61, . . . ) is thelength of the quasiparticle
path between two successive scatterings atF/S interfaces,
which is the distance between the neighboring scatterers
the 1D chain of Fig. 2. The pathsLi are uncorrelated and
hence the chain of Fig. 2 is a 1D system with random d
tances between the scatterers. In the same way as in Re
it can be shown that due to the above-mentioned phase c
pensation the motion of the quasiparticle in this chain
reduced to the conventional quantum motion of an elect
with energyuEu2h0 ~but having the Fermi velocity;vF) in
the 1D disordered chain of centers of backscatterings wh
the backscattering amplitude is the probability amplitude
the Andreev reflectionr A

(1,2) and the amplitude to pass to th
next section of the chain is the probability amplitude of t
normal reflectionr N

(1,2) at F/S interfaces 1 and 2~the prob-
ability amplitudesr A and r N are given in Refs. 7, 22, and
23!. In this situation, forEÞh0 the phase gains betwee
successive backscatterings are random, and quasiparticl
calization takes place. Forur N

(1,2)u!1 ~Ref. 24! and t r!1 a
sharp resonant transmission occurs between points I an
through discrete energy levels~of the Andreev-type! that cor-
respond to the quasiparticle states localized around the
tion of the electron injection. Matching amplitudes of th
electron and hole semiclassical wave functions in every s
tion of propagation between scattering points~dots in Fig. 2!
and taking into account the phase gains along the paths
tween them show the probability of electron-hole reson
transmission through an energy levelEa ~Ref. 25! to be of
the Breit-Wigner form, T(E,a)}t r

2/$@(E2Ea)t0#2/\2

1btr
2%, wheret0 is the time of motion along the path of th

lengthL0 in the section of injection, constantb;1.
The total electron-hole transmission probabilityTeh(E) is

a sum ofT(E,a) with respect to the starting points of th
semiclassical trajectories inside the reservoir separated
distances of the order oflF . These trajectories meet differ
ent ‘‘random’’ sets of impurities, and hence their pa
lengths and the times of quasiparticle propagation alo
them are randomly distributed. Therefore, the summat
over the starting points is equivalent to averaging the tra
mission probability with respect to realizations of timest i(t i
is the time of propagation along sectioni ) ~see Refs. 3 and
20!. It seems reasonable to assume the propagation timet i
to be uncorrelated. Under this assumption, as is shown
Ref. 20, the total transmission probabilityTeh(E) is propor-
tional to the density of localized states in the 1D disorde
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chain of Fig. 2, and using the Lambert formula26 one gets the
transport current at temperaturet r!kT/ETh!ur N

(1,2)u as

I 5~ t rN'e/h!ETh(↑,↓
E

2eV/2

eV/2

^n r and
(↑,↓) ~E!&dE ~2!

~here and below we assumet r!(ur N
(1)u1ur N

(2)u)/2!1). In Eq.
~2!, N'5S/lF

2 , S is theF/S contact area,lF is the electron
wave length,̂ n↑,↓

rand(E)& is the density of states for a quas
particle with the spin up (↑) or down (↓) averaged with
respect to the configurations oftn .

In order to get an analytical result we assume the dis
butionP(t) for the propagation times to be of the Lorentzi
form P(t)5g/p@(t2 t̄)21g2# ( t̄5LS

2/D and LS is the
distance between the superconductors! that, for the configu-
ration of Fig. 2, permits to find the density of states exac
Using Eq.~2! one finds the resonant phase-sensitive par
the differential conductance of the systemG5dI/dV to be

G5
A2e2

h
N't r uV̄u

3HA@4V̄41ea
4#@4V̄41eb

4#1ea
2eb

224V̄4

@4V̄41ea
4#@4V̄41eb

4#
J 1/2

, ~3!

where V̄5(eV/22h0)/ETh is the dimensionless applie
voltage measured from h0 , ea,b5@df21(ur N

(1)

u6ur N
(2)u)2#1/2df is the minimal value ofuf2p(2l 11)u, l

FIG. 3. Normalized differential conductanceG5dI/dV of the
S/F/S structure forur N

(1)u5ur N
(2)u50.1 and ur N

(1)u50.05, urN
(2)u50.1

shown in~a! and ~b!, respectively, at phase differencesf5p ~full
line!, f51.1p ~dotted line!, and f51.2p ~dashed line!; G0

5(A2e2/h)N't r .
i-

.
f

50,61,62, . . . . While writing Eq. ~3! we took g5 t̄, and
assumeduh02eV/2u!ETh . Equations~2! and ~3! describe
the current and differential conductance att r!kT/ETh

!ur N
(1,2) for both the magnetich0Þ0 and nonmagnetich0

50 cases.
Numerical results for the conductance and the curr

based on Eq.~3! are shown in Figs. 3 and 4. They demo
strate a high sensitivity of the conductance and the nonlin
current-voltage characteristics to both the supercondu
phase differencef and voltageV.

At odd multiples ofp andur N
(1)u5ur N

(2)u there is a symme-
try between the clockwise and counterclockwise motions
electron-hole pairs in the ferromagnet, and the energy le
uEu5h0 is degenerate~see above!.27 Under this condition the
maximum of the resonant transmission through Andreev l
els is ateV/25h0, and a resonant peak in the conductance
observed@Fig. 3~a!#. Even a small deviation off from an
odd multiple of p will repel Andreev levels fromh0 that
splits the conductance peak.

In a more realistic experimental case whenur N
(1)uÞur N

(2)u
the symmetry is broken, and Andreev levels are repe
from the levelh0 ~see Ref. 3!, the shift being proportional to
dr N5 zur N

(1)u2ur N
(2)uz. As a result the resonant peaks of th

conductance are split@see Fig. 3~b!#. At low voltages, far
from 2h0 /e, we have a resonant tunneling of quasipartic
through separate Andreev levels, and the current level is l
WheneV/2'h0 andf5p, Andreev levels concentrate nea
h0, and we have simultaneous resonant transport through
whole number ofN' states resulting in a jump of the curre
DI 5 zur N

(1)u1ur N
(2)uzGmaxh0/2e (Gmax is the maximal value

of the conductance!. Whenf deviates fromp the number of
Andreev levels concentrated nearh0 is decreasing that re
sults in a decrease of the sensitivity of the current to
voltage.

We note here that the curve for the differential condu
tanceG as a function ofeV repeats the density of Andree
states in the diffusive ferromagnet permitting a direct sp
troscopy of the Andreev levels by conductance and curr
measurements.

In conclusion we have demonstrated a pronounced po
bility for spectroscopy of Andreev states in ferromagnets

FIG. 4. Normalized current-voltage characteristics for phase
ferencesf5p ~full line!, f51.1p ~dotted line!, and f51.2p
~dashed line! shown forur N

(1)u50.05, ur N
(2)u50.1, andh05ETh ; I 0

5(A2e2/2p\)N't r(2h0 /e).
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energies even greater than the Thouless energy. The p
magnetic effect determines sharp peaks in the conductan
a function of the superconductor phase differencef and the
applied voltageV near f5p(2l 11), l 50,61,62, . . . ,
and V52h0 /e, respectively. This phenomenon is a conv
nient tool for the Andreev level spectroscopy, and enab
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applications, e.g., as a double-gate ferromagnet transistor
a logical AND-element described in Ref. 29.
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