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Impurity-assisted Andreev reflection at a spin-active half metal-superconductor interface
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The Andreev reflection amplitude at a clean interface between a half-metallic ferromagnet (H) and a
superconductor (S) for which the half metal’s magnetization has a gradient perpendicular to the interface is
proportional to the excitation energy ¢ and vanishes at ¢ = 0 [Béri ez al., Phys. Rev. B 79, 024517 (2009)]. Here
we show that the presence of impurities at or in the immediate vicinity of the HS interface leads to a finite Andreev
reflection amplitude at ¢ = 0. This impurity-assisted Andreev reflection dominates the low-bias conductance of
an HS junction and the Josephson current of an SHS junction in the long-junction limit.
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I. INTRODUCTION

The experimental observation of a sizable supercurrent
through a Josephson junction containing the half-metallic
ferromagnet CrO; (Refs. 1-3) has renewed theoretical interest
in the superconductor proximity effect in half metals.*!?
Because of the absence of minority spin carriers in a half
metal,'>!* the induced superconducting correlations must be
of the spin-triplet type, even if they arise from proximity to a
spin-singlet superconductor.'>~!?

The spin-triplet proximity effect is mediated by Andreev
reflections® of majority electrons into majority holes. Since
such Andreev reflections violate spin conservation—spin-
conserving Andreev reflection reflects majority electrons into
minority holes—they require breaking of the spin-rotation
symmetry around the half metal’s spin-quantization axis. In
other words, the breaking of spin-rotation symmetry allows for
the conversion of the singlet correlations in the superconductor
to the triplet correlations in the half metal. A prominent
mechanism for the breaking of the spin-rotation symmetry
is a magnetization gradient perpendicular to the interface
between the superconductor and the half metal (see Fig. 1),
which occurs naturally in the presence of a magnetic interface
anisotropy that favors a different magnetization direction
than the magnet’s bulk anisotropy.?! In the literature, an
interface with a different magnetization direction than the
bulk magnetization direction is referred to as “spin active.”®
Artificially created spin-active interfaces have been shown to
be responsible for the observation of the spin-triplet proximity
effect in standard (non-half-metallic) ferlromagnets.zz’24 In
view of the observed biaxial magnetic anisotropy of CrO, thin
films,"2>2¢ spin-active interfaces have also been proposed as
an explanation for the observed Josephson effect in the CrO,-
based Josephson junctions,® but there is no direct experimental
evidence confirming this link."

What makes the spin-triplet proximity effect in a half
metal particularly interesting from a theoretical point of view
is that there is a symmetry argument that strongly limits
the effectiveness of a spin-active interface as a source of
spin-triplet superconducting correlations.”!” This symmetry
argument applies to the case of a half metal, but not to a
standard ferromagnet (with incomplete spin polarization). It
essentially forbids Andreev reflection of majority electrons
into majority holes or vice versa if five key conditions are
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met:?’ particle-hole symmetry, translation symmetry along
the superconductor interface, m-rotation symmetry around
an axis normal to the superconductor interface, quasiparticle
conservation, and the absence of minority carriers. All five
conditions are met for Andreev reflection of carriers at
the Fermi level in a clean spin-active interface between a
half metal (H) and a superconductor (S). Away from the
Fermi level, particle-hole degeneracy is lifted, and generically
the Andreev reflection amplitudes are proportional to the
excitation energy e.”!%?® This energy dependence leads to
an interface conductance G o< (eV)?, where V is the applied
bias, and to a Josephson current I o« max(kgT,E;)* for a
clean SHS junction at temperature 7 in the “long-junction”
limit (i.e., gap A much larger than the junction’s Thouless
energy E;).”1%28 In contrast, for junctions involving a standard
ferromagnet, the zero-bias conductance G is finite, whereas
I x max(kgT,E;).'%29-31

In order to open up the possibility of Andreev reflection
at the Fermi level, one of the remaining four conditions
listed above has to be lifted. Several options have been
investigated in the literature, and have been shown to lead
to a finite zero-bias conductance G of an HS junction and to a
temperature dependence of the Josephson current of a ballistic
SHS junction that closely resembles junctions with a standard
ferromagnet instead of a half metal. These include the breaking
of the rotation symmetry around an axis normal to the super-
conductor interface by a magnetization gradient parallel to the
interface®!? or by spin-orbit coupling in the superconductor, !
or the inelastic scattering of quasiparticles in the half metal,
which effectively lifts quasiparticle conservation.?

In this article, we investigate the lifting of the translation
symmetry along the interface by scattering from nonmag-
netic impurities. This is particularly relevant for CrO,-based
junctions, as interfaces between the metastable compound
CrO; and other materials are notoriously poorly defined.'* We
confirm that impurity scattering, too, is a viable mechanism for
Andreev reflection of majority electrons into majority holes at
an HS junction at the Fermi level. Moreover, we show that
this impurity-assisted Andreev reflection remains coherent,
with a well-defined magnitude and phase, after performing
an average over different impurity configurations. As a result,
impurity-assisted Andreev reflection not only gives rise to a
finite zero-bias conductance, but also to a strong enhancement
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FIG. 1. HS interface with a spin-active interface, originating
from a magnetization gradient perpendicular to the interface. Arrows
indicate the magnetization direction.

of the Josephson current at low temperatures. Our analytical
calculations are consistent with a numerical analysis of the
triplet proximity effect in a strongly disordered half metal by
Asano et al.,*> who did not report any suppression of the
induced superconducting correlations for energies near the
Fermi level.

The detailed outline of this article is as follows: In Sec. II,
we describe the model Hamiltonian used in our calculations
and review the basic symmetry relations for the scattering
matrix of an HS interface. Then, in Sec. III, we calculate the
Andreev amplitude for an HS interface with a single impurity,
up to quadratic order in the impurity potential. We apply our
results to an interface with a finite density of impurities in
Sec. IV, where we show that the presence of impurities at
the interface leads to a finite interface conductance at zero
bias and to a significantly enhanced Josephson current at low
temperatures. We conclude in Sec. V. The appendices contain
various additional results for scenarios not covered in the main
text.

II. HALF METAL-SUPERCONDUCTOR INTERFACE WITH
PERPENDICULAR MAGNETIZATION GRADIENT

A. Model Hamiltonian without perturbations

Our calculation builds on the calculation of the Andreev
reflection amplitudes for a clean half metal-superconductor
interface with a perpendicular magnetization gradient by
Kupferschmidt and one of the authors.'® Following Ref. 10,
we choose coordinates such that the superconductor occupies
the half space z > 0 and the HS interface is in the xy plane;
see Fig. 1. Periodic boundary conditions are applied in the
x and y directions, with periods W, and W,, respectively.
Quasiparticle excitations near the HS interface are described
by the Bogoliubov-de Gennes equation,

HW(r) = eW¥(r), H="Ho+V, (1)
where
_ Hy iA@Mo,
Fo = (—iA*(r)oz —A; ) ’ @

and the four-component spinor
W(r) = (uy(0),u (1), 04(0),0, ()" 3

consists of wave functions u,(r) for the electron and v, (r)
for the hole degrees of freedom. The 4 x 4 matrix operator
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‘Hy describes the HS junction in the absence of a magnetiza-
tion gradient and impurity scattering. These two effects are
described by the perturbation V' and will be discussed in the
next section.

The superconducting order parameter A(r) = A¢e'?0(z),
where ©(z) = 1 if z > 0 and 0 otherwise. This step-function
model is a good approximation for tunneling interfaces of
s-wave superconductors.** For the single-particle Hamiltonian
H,, we take

. K2

Hy = _Evz - ; I’LG'(Z)ﬁo' +hwd(z), S

where m is the effective electron mass (taken to be equal on
both sides of the interface), and

_ | wne ifz <0,

witho =1, | and the potentials py4, pny, and s represent-
ing the combined effect of the chemical potential and band
offsets for the majority and minority electrons in the half metal
and for the superconductor, respectively, and where w sets the
strength of a §-function potential barrier at the interface. The
operators

Py=1+les-6, Pp=1—1les-6 (6)
project onto the majority and minority components, respec-
tively, where we have taken e; to be the unit vector pointing
along the magnetization direction in the half metal.

The potentials pny, (uy, and ws are such that upy,
ps > 0, and up, < 0. As a result, majority states in the half
metal with uniform m(r) and states in the normal state of
the superconductor are propagating states, with Fermi wave
numbers

1 1
ky = 2V 2mpyy, ks = 7V 2mpus, 7

respectively. The corresponding Fermi velocities are
vy = hky/m and vs = hks/m, respectively. Minority states
in the half metal are evanescent with wave-function decay rate

1
Ky = ﬁ\/szHU' 3

The Andreev approximation Ay < s is used throughout our
calculation.

The propagation of electrons with Hamiltonian (1) is
described by the 4 x 4 matrix Green function G(¢; r,r’), which
is a solution of the Gorkov equation

(e = H)G(e;r,r) =68(r —1). 9)
The Green function can be written
. / 1 i T ik (r—r))
Q@JJ)=WH%§:@@$wLUe”””, (10)

Ky

where k| = k.e, +kye, is a wave vector parallel to the
superconductor interface and r = xe, + ye,.*” The solution
of Eq. (9) then gives the result

, 1
gZ(E;k”;Z’Z):E(UT’UWVT’VO’ (11)
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where the first two column vectors U; and U have the form

ek @lz=7| —l—p¢(8)e_ik“(8)(z+z/)

1 0

Uy = ,
t Utz 0

py (=)o ke (e
(12)
0
U = 1 e_KW'(S)IZ_Z,l+T¢(8)6K¢1(8)(Z+Z/)
= TT(_8)elk¢;(—s)z+/@z(£)z’ ’

ivu
0

for z, 7 < 0, whereas the latter two column vectors V; and
V, are obtained from U; and U, respectively, by particle-
hole conjugation (i.e., complex conjugation, interchange of
first and third rows, and of second and fourth rows, and the
replacements e — —e andk; — —k|; see Appendix A). Here,

ky (e) = 1/k% - kﬁ + g/hvy,
_ |22
Ky:(&) = k| + ki —e/hv,

up to corrections of order &2, with vy, = hky,(0)/m and
v, = hk.(0)/m. The coefficient py(¢) is the amplitude for
normal reflection at the HS interface in the absence of the
perturbations; see Eq. (26) below. Since there is no Andreev
reflection in the absence of a magnetization gradient, one has
|p(e)] = 1. The other coefficients do not have an interpretation
in terms of scattering amplitudes. Detailed expressions for the
coefficients p, and 7, can be found in Appendix A.

In the normal state (for Ay = 0), majority electrons inci-
dent onto the superconductor interface are transmitted with
probability

13)

dvy;vs;
4w? + (UTZ + USZ)2 '

Ty(ky) = (14)

where vs, = (i/ m)(ké - kﬁ)l/ 2. The use of the step-function
model for the superconducting order parameter used in Eq. (1)
requires that the normal-state transparency of the HS interface

is small for majority electrons as well as minority electrons.?*
In our model, this condition is met if
max(|wl,vs) 3> max(vy,v)), s5)

and we will assume that this inequality is met in the results
we present below. In our final results, we will eliminate w and
vg in favor of the normal-state reflection amplitude r and the
transmission coefficient 7} (K) given above. Expressions for
the case of an ideal interface with transparency Ty (k) =1,
but still using the step-function model for A(r) at the interface,
are given in Appendix C.

B. Perturbation: Changing magnetization and impurities

The perturbation V' describes the combined effect of a
magnetization direction that slowly changes as a function of
the coordinate z, as well as impurity scattering. We take the
magnetization direction to be'’

m = (e; cos ¢ + e, sinp) sinf(r) + ez cosO(r), (16)
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where the polar angle

) z/lhifz <0,
9(2)—{ 0 ifz >0,

while the azimuthal angle ¢ remains constant. Transforming
to a spin coordinate system in which m points along ez
everywhere in space and expanding up to first order in the
gradient d6 /dz, one finds that the single-particle Hamiltonian
H takes the form I:Io described in the previous section, with
the additional term3®

a7

v ih( in o) do d N d do
'm = — (02 cos @ — o7 sin —_——t ——
2m 2 ¢ 1o dz 0z 0zdz
ih . 0 1
= —(0pcos¢p —oysing) | — — =48(2) | . (18)
mld 0z 2

The impurity potential is taken to be a sum of the form

Vi=> u;s(r—r)), (19)
J

where r; is the position of the jth impurity and u; is its
strength. The impurity strength u; is related to the scattering
cross section o; for majority electrons,

m2u3

aht’
In the main text, we will consider the case in which the impu-
rities are randomly positioned with density 7y, in the vicinity
of the interface. Here it is important to point out that njy, is
the impurity density at the interface, and that there may be a
different impurity density in the bulk of the half metal. (Our re-
sults below show that only impurities within a distance ~1/k
from the HS interface contribute to Andreev reflection. Hence,
only the impurity density near the interface enters in our final
expressions.) The situation in which all impurities are located
precisely at the interface is discussed separately in Appendix B.
Combining these two perturbations, we thus find

Vo + Vi 0
vz< X ) 1)

C. Scattering matrix

(20)

O'j=

There are two linearly independent solutions of the
Bogoliubov-de Gennes equation (1) for each wave vector
k;. At a large distance from the HS interface (z < 0 for the
coordinate system used here), they can be taken to be of the
standard form

1
eikH-rH-i—ikT;(s)z 0
Wy o) = —
T oW, | 0
0
. . ree(g;kh,ku)
N elkwr”ﬂkn(s)z 0
RY UTZ(E)WXW)/ 0
I 0
oy . O
ezk“~rufzk¢z(fa)z 0

(22)

+ T )
; v (—e)W, W, rhe(e; K Kp)
I 0
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and

eiKiITi—ikyz(e)z

\Ilekuh(r) = —,—UT oW W,

=N w)

o ) reh(g;kh:k”)
e'k\l T —iky (e)z

+ R
kZ/ V(@)W Wy 0
[ . 0

0
eik/H T +iky (—&)z 0

+ ) / )
kZ, VU (=)W, W, rnn(; ki k)
I 0

which represents a state with specified incoming electronlike
or holelike quasiparticle boundary conditions. Together, the
amplitudes ree, e, Fhe, and ry, define the scattering matrix S
of the HS interface,

’ o ree(kh,k”;g) reh(khskH;e)
Sk e) = (rhe(k/vkll;e) ron(kj Ky58) )7 24

The scattering matrix is unitary. Particle-hole symmetry gives
the further constraint'”

Vee(k/H,kn,f?) = th(—k/H, -k, — &),

ren(kj K,&) = re(—kj, — Kk, —&)".

(23)

(25)

In the absence of the perturbation V, S is found from a
solution of the Bogoliubov-de Gennes equation (1) with H =
Ho,

/ k 5 0
Smwkmgzswk<p“d|@PMMh—8V>' (20

Inclusion of the term V leads to a shift S — S + S of the
scattering matrix, which can be calculated perturbatively by
means of the Born series,
1 o0
’ . _ A / n R
Srue(l] o) = — Z@ (.. h[V(GV) [e. k)R, (27)

and similar expressions for &ree, 8ren, and &ryy. Here the
retarded scattering states |e K ,e)R and le, Kk ,h)R are solutions
of the Bogoliubov-de Gennes equation (1) with H = H, and
particlelike or holelike incoming boundary conditions, respec-
tively. The advanced scattering states |5,k||,e)A and |5,k||,h)A
are solutions of the same equation, but with particlelike or
holelike outgoing boundary conditions. Explicitly, the wave
function WR, (1) of the electronlike scattering retarded state

S,kH ,€

reads [compare Egs. (22) and (26)]

PUSEY

V()W W,
eikn(s)z +,0T(8)67[k“(8)z
0
O b
pi(_g)e"iz(—s)z

lpfkue(r) =

(28)

whereas the wave function Wy, n(r) of the correspond-
ing holelike scattering state is obtained by particle-hole
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conjugation,

ki
VU (=)W, W,
0

10¢ (8)*6'(“(8)1
e k(=82 + pT(_g)*eikTZ(—s)z
0

qj?k\\h(r) =

X

(29)

The wave functions of the advanced scattering states are [recall
loky,e)| = 1]
Wi o(r) = pr(e) W (1),
W) = o (—&) Wi u(r).
Taken together, Egs. (27)—(30) and the expressions (10)—(12)
for the Green function G contain all information relevant for

a calculation of the Andreev reflection amplitudes to arbitrary
order in the perturbation V.

(30)

III. ANDREEV REFLECTION AMPLITUDES

We now describe the calculation of the Andreev reflection
coefficients rne(e; K|, k) and ren(e; K|, k) in the presence of
a magnetization gradient and impurity scattering at the HS
interface. All calculations are performed to first order in
the magnetization gradient (i.e., to first order in [ 1. This
approximation requires that /4 is larger than the other relevant
length scales for the half metal (k; ! , Kl_l ), which is a condition
that is satisfied in realistic ferromagnets. Without impurity
scattering, one then finds Andreev reflection amplitudes that
are diagonal in the wave vectors Kk and k| and linearly
proportional to the excitation energy ¢. This calculation was
originally performed in Refs. 7 and 10 and the result is briefly
summarized in Sec. IIT A below. To first order in the impurity
potential, we find Andreev reflections that are off-diagonal
in k; and kﬁ. These amplitudes remain finite at ¢ = 0, but
vanish for kj = k|. In order to find the leading contribution
to the diagonal amplitudes rp.(¢; K, k) and ren(e; Ky, k)p), we
thus need to go to second order in the impurity potential. The
first-order and second-order calculations with respect to the
impurity potential are given in Secs. IIIB and III C, where
we restrict ourselves to the relevant cases ¢ =0 and ¢ = 0,
k| = ki, respectively.

A. No impurity potential

To first order in the perturbation V), only the magnetiza-
tion gradient term Vj, contributes to the Andreev reflection
amplitude. One finds'®

igeTi¢tie Ao TT (k”)

4k¢zld‘/ A(z) — g2

8k, T, (k)
hvlz (Kfz + k%z)

rhe(e; KK = 8k kg

)
A} — &2

in the limit of a low transmission T;(k)) of the half metal-
superconductor interface, where we kept the subleading term
proportional to TT(kH)Z because it appears with the (small)
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energy Ay in the denominator.’” [The divergence of Eq. (31)
for |e] — Ay is an artifact of the small-T; expansion; Egs. (31)
and (42) below are not valid for |¢| in the immediate vicinity
of Ag.]

The essential feature of the Andreev reflection amplitude
(31) is that it vanishes at the Fermi level, ¢ = 0. As explained
in Sec. I, this is a consequence of the very special symmetries
of the Hamiltonian (1) in the absence of impurity scattering.
We now show by explicit calculation that impurity scattering,
in combination with the magnetization gradient, gives rise to
Andreev reflection into the half metal at zero energy.

B. First order in impurity potential

We now address the effect of impurities on the Andreev
reflection amplitudes. We first consider a single impurity
and postpone the discussion of the effect of a finite but
low concentration of impurities to Sec. III D. We choose our

rhe(0; ki Ky) =

2iuie’i‘f’+i“’{e’(lzz‘k¢zT¢(ki|)[cos(kTZzi) — eH] — i Ty (K )e' = sin(ky i)}
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coordinates such that the impurity is located at position r; =
(0,0,z;) with z; < 0. The corresponding impurity potential then
reads

Vi(r) = uid(x)8(y)d(z — zi). (32)

With this choice of coordinates, the normal and Andreev
reflection amplitudes are functions of the magnitudes k; and
kj of the initial-state and final-state wave vectors k| and k|
and the angle between these vectors only. In particular, with
this impurity potential, r-rotation symmetry around the z axis
is restored,

S(S;kh,ku) = S(S; —kh, — k||). (33)

Evaluating the zero-energy Andreev reflection amplitude
Fhe to first order in V;, and first order in the impurity potential
‘7i of Eq. (32), we find a nonzero contribution to the Andreev
reflection amplitude at zero energy,

where, as before, we have given the result to leading order
in the transparency 7} of the interface. [Unlike in the case of
Eq. (31), there are no terms of subleading order in T} that
come with small energy denominators.] The Andreev reflec-
tion amplitude r, follows from the particle-hole symmetry
relations (25). The above result vanishes if the impurity is
located precisely at the superconductor interface. In that case,
the leading contribution to the Andreev reflection amplitude
is of higher order in the interface transparency. We have listed
the corresponding expressions in Appendix B.

The Andreev reflection amplitude (34) is odd under ex-
change of the initial and final momenta k| and k|. In particular,
e (0; kil,kH) vanishes for k; = kil. This can be seen from the
following simple argument: For the calculation of the diagonal
elements 74¢(0; k), k) to first order in V;; and Vj, there is no
difference between an impurity potential of the form (32) and
a potential that is invariant under translations parallel to the
superconductor interface, Vi(r) = (W, Wy)’lui(S(z — zj). For
the latter potential, the general arguments of Ref. 10 apply,
from which it follows that 74,.(0; ky, k) = 0.

Note that only impurities within a distance ~1/k, of
the minority-electron wave-function decay length from the
interface contribute to the Andreev reflection amplitude 7.
This is consistent with the picture that the Andreev reflec-
tion process involves an intermediate (evanescent) minority-
electron state, which is then converted into a majority state via
a spin-flip process enabled by the combination of the impurity
scattering and the magnetization gradient. Impurities at a larger
distance from the superconductor interface do not contribute to
the Andreev reflection amplitude. Their contribution to observ-
able quantities, such as the conductance of an HS junction or

hld Wx Wy (KfZ + k%z) /UTZv,Tz

- (k” < k’”) , (34)

the Josephson current in an SHS junction, can be calculated
using standard approaches; see, e.g., Ref. 33.

C. Second order in impurity potential

A nonzero contribution to the diagonal amplitudes
ren(0; Ky k)) can be expected in second-order perturbation
theory in the impurity potential V;. Technically, it is most
convenient to calculate the diagonal amplitudes 7., (0; k. k)
from the leading order (first order in V;) results for the
off-diagonal amplitudes r.,(0; k]l ,Kk)) of Eq. (34) and the first-
order-in-V; off-diagonal normal reflection amplitudes using
the relation

ree(o; k|| »kh )rhe(o; k|| akh)
Tee(0; k|| 7kH)

rhe(O:ky k) =— Y

k| #k

N ER))

which is obtained upon combining unitarity of the scattering
matrix, the particle-hole symmetry relations (25), and the
symmetry relations (33). For the off-diagonal normal reflection
amplitude re.(0; k[‘ k), we find

4iu; sin(ky,zi) sin(k}, z;)
ree(0: K k) = o 36
AW Wy vy V),

to leading (zeroth) order in the interface transparency. To lead-
ing order in the interface transparency, the diagonal normal re-
flection coefficient re(0; kj, k) = —1. Because rme(0; k. k))
vanishes for |k;| = |kh |, the summation in Eq. (35) is domi-
nated by terms in which |k;| — |k’H| ~ k4. The expression for
the diagonal second-order-in-V; Andreev reflection amplitude
that we find upon substituting Eqs. (34) and (36) into
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Eq. (35) is too lengthy to be reported in full, but the result takes
a simple form in the limit vy < min(v,vs) < max(Jw|,vs),
corresponding to a large mismatch of Fermi velocities in H
and S,

Qufe @Oz 2k (5k3, — 3k3) Th (k)
45R° W, Wykjvilym

x [6(1—e"5)—6K zi + 3(/@11)2 + (K¢Zi)3]~
(37)

mme(0; k) k) =

Equation (37) is valid for arbitrary impurity locations r;. Only
impurities within a distance ~1/k contribute to the Andreev
reflection amplitude of Eq. (37). Note that the first-order
amplitude (34) and the second-order amplitude (37) are both
proportional to the same power of the interface transparency
Ty (ky).

D. Finite density of impurities

We now consider a finite but low density iy, of impurities
in the immediate vicinity of the surface, for which the potential
strength u; is itself a random variable with zero mean and with
variance (u?). In view of the applications of the next section,
we are interested in the ensemble averages (rp(0; k/H ,K|)) and

(|rne (0 k]l K )|?) with respect to the disorder at the interface, to
lowest (first) order in 7y, The single-impurity results derived
above are sufficient for this calculation, since interference
effects between Andreev reflection processes that are enabled
by scattering off different impurities can be neglected to this
order in the impurity density 7n;m,. (They give a contribution
proportional to n7,, )

Thus proceeding, we find that the average reflection
amplitude (rue(0; k/H ,Kk)) is nonzero only if k/H = k (because
translation invariance along the interface is restored upon
taking the ensemble average),

(he(0: Ky K)) = =8 k€O iny (0) T (k)
k3 (5k3. — 3k3)

, 38
ISKZld ( )

where (o) = mz(uf) /mh* is the mean scattering cross section
of the impurities; see Eq. (20). The mean-square Andreev
reflection amplitude is
(|Vhe(0;kﬁ,k||)|2) = nimp(0) Ty (K Ty (k)
2\2
2185w (k%Z — kTZZ)
6481 13 W, W,

(39)

Both results are for the limit
max(|w|,vs).

It is an interesting question as to what the effect of impuri-
ties is on the symmetry of the superconducting correlations in
the half metal. In the quasiclassical Green function approach,
the spin-triplet superconducting correlations in the half metal
are described with the help of the anomalous Green function

f@A2;Kk,r), where Q is the Matsubara frequency, which is

vy K min(vy,vs) K
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related to the Andreev reflection amplitudes as'”

FQik,r) = 2¢ 2SI/

ren(€2; K K)), k, <0,Q2 >0,
x 4 —re(—i 2 Ky k", k; > 0,2 <0,
0 otherwise,
(40)

where k is a wave vector with k = k4. Without impurities at
the interface, one thus finds that the spin-active interface gives
rise to correlations of predominantly odd-frequency s-wave
type, with an anomalous Green function f o Q for small
frequencies.'®?® We find from Eqs. (38) and (40) that the
presence of impurities at the interface does not change this
fundamental symmetry of the induced superconducting order,
but it does change the asymptotic low-frequency dependence
of f, where f is proportional to sign(€2) for small .
This enhancement of odd-frequency s-wave superconducting
correlations at small frequencies is a unique signature of the
impurity-assisted spin-triplet proximity effect in half metals.

IV. APPLICATIONS

A. Conductance

The conductance of a half metal-superconductor interface

is given by the expression’>¥
2¢?
G(V) = Tkzk [rhe(e = eV;k]l,k”)|2, 1)
(R

Without impurities, rpe is given by Eq. (31) if there is a
magnetization gradient perpendicular to the interface, and G
is proportional to V2 at low voltage,”-!”

eV W, W, A2T, (02 | k3
G(v): y=2o04t hz 1

2n2hl§[A% — (eV)z] vf/cf
. K, T4 (0) . TP
2 9
anv 3 a2 — vy 644G~ (V)]

(42)

where T;(0) is the normal-state transmission coefficient of
the clean HS interface for perpendicular incidence (k; = 0),
and we took the limit vy < min(v,vs) < max(Jw|,vs).
Equation (42) and the other equations in this section and in
Appendix C are valid to leading order in the magnetization
gradient /],

For low bias, an impurity at position r; = z;e, increases the
conductance by a finite amount, which is found by substituting
Eq. (34) into Eq. (41). Because of space limitations, we
here report the resulting expression for the limit vy <
min(v,,vs) < max(|w|,vs) only,

_ 2620, Tﬁ(O)kﬁ 2,5
47257213k}

X [6 — 6€45 — 61y z; + 3y zi)* + (ke 2)° 1%, (43)

where o; is the scattering cross section of the impurity; see
Eq. (20). For a finite but small concentration njy, of impu-
rities near the superconductor interface, one may add these
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contributions to the conductance, giving a finite conductance at
zero bias,

437€ nimp (o) W, Wy T (0K}
340207 2713

G(0) = , (44)
where (o) is the mean scattering cross section of the impurities.
At finite bias, the conductance is the sum of Egs. (42) and (44).

The impurity-assisted contribution to the conductance (44)
dominates over the conductance (42) of a clean HS interface
in the limit of low-bias voltages,

2 6
( i )  timp'?) (ki> , 45)
[amy | Ky Ky

where pp, = —hk, v, /2 is the excitation gap for minority
quasiparticles in the half metal; see Eq. (8). This condition
is independent of the normal-state transmission coefficient
T,(0) and the magnetization gradient / =1, since the interface
conductance G is proportional to TT(O)Zld_ 2 for a clean
interface as well as for an interface with impurity scattering.
[Here we took the first term in Eq. (42) as the basis for
our comparison, which is the leading contribution to the
conductance of a clean interface in the limit of a small interface
transparency 73(0).] The fraction on the left-hand side of
Eq. (45) is the total cross section of all impurities within a
layer of width 1/« adjacent to the HS interface, per unit
interface area.

B. Josephson current

Next, we consider a superconductor-half metal-
superconductor junction, in which the central half-metallic
segment is clean, with the possible exception of the presence
of impurities with density njn, near the two interfaces.
We choose coordinates such that the two interfaces are at
z = —L and z = 0; see Fig. 2. We consider the case that the
magnetization gradient is perpendicular to the superconductor
interface at both interfaces, with equal azimuthal angles ¢,
and that the magnetization gradients are equal in magnitude
and opposite in direction. We restrict our analysis to the
so-called long-junction limit E; < A, where

_ hUT
T 2xL

is the Thouless energy of the junction, and we consider tem-
peratures in the range E; < kgT < Ay. In this temperature

A A=A S

EpL (46)

z=0
444444
A A A A AN
> > > > > >
> > > > > > H
> > >>>>
D WD WD WD WD W
INLAZARA
A=|A]e" S

FIG. 2. SHS junction of length L with two spin-active interfaces.
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regime, the Josephson current is quadratic in the Andreev
reflection amplitudes,*

_4ekBTi X:e—nkBTL/;‘wT;—nkBTL/hu’Tz
o dg 2
ky.kj
X Rereh(inkBT;kllaki|)7he(i7kaT;khakH)’ (47)

where kg is the Boltzmann constant, T is the temperature, and
¢ is the phase difference between the two superconductors.
The amplitudes r., and 7. describe Andreev reflection at the
interfaces at z = 0 and z = —L, respectively.

Each Andreev reflection amplitude that appears in Eq. (47)
is the sum of two contributions: a contribution for the clean
half metal-superconductor interface, given in Eq. (31), and
a contribution from impurity-mediated Andreev reflection.
Upon taking the average over the ensemble of impurities, the
impurity-mediated contribution’s two factors re, and 7, can be
averaged separately, as they refer to two different interfaces.
After taking the ensemble average, translation symmetry
along the interface is restored, and the ensemble-averaged
amplitudes (rep(imkgT; kh k) and (Frhe(imkpT; kil,k”)) are
zero exceptif k) = kil; see Eq. (38). We then find, again in the
limit vy < min(v,vs) < max(|w]|,vs), that

e W, W, Ty (0’E, ok T/EL
180013

2
15k T Ty(0) | 120ks Ty 8KS () imp
« _
A() hvucf JTKZ

sin ¢

(48)

Upon lowering the temperature, Eq. (48) remains valid as
long as kg7 2 E;, and the Josephson current saturates for
temperatures kg7 ~ E| .

Comparing the Josephson current for a clean interface and
the impurity-assisted contribution, we find that the impurity-
assisted contribution dominates if

nimp(0> (ﬁ)s > max(kBT,EL)
| emy |

where we again took the current in the clean case in the
limit of a low transparency of the HS interface. Again, this
condition is independent of T} and /g, because the dependence
of the Josephson current on these parameters is the same
(proportional to TTzl q %) for clean and dirty interfaces.

; (49)

K¢ Ki

V. CONCLUSION

We have verified through explicit calculation that
impurities in the vicinity of a half metal-superconductor
(HS) junction with a magnetization gradient perpendicular
to the interface (spin-active interface) qualitatively change
the dependence of the Andreev reflection amplitude rpe on
the quasiparticle energy & and, hence, the bias dependence
of the interface conductance G and the temperature
dependence of the Josephson current / of a superconductor-
half metal-superconductor (SHS) junction. Without impurities,
one has rp,. o ¢ at low energy.’ In contrast, impurities give rise
to a nonzero value of rp for ¢ = 0. Interestingly, the zero-bias
conductance of a HS junction and the low-temperature
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Josephson current of an SHS junction increase upon
increasing the impurity concentration at the interface.

Although it was to be expected, based on general symmetry
considerations, that impurity scattering leads to a nonzero
Andreev reflection probability |ri|?, we found the remarkable
result that a nonzero amplitude (r,.) remains after taking
an average over impurity locations and potentials. It is
this coherent impurity-assisted Andreev reflection that is
responsible for the increase in the low-temperature Josephson
current and the superconducting correlations at low frequency
that we predict. The nonzero average persists if an average
over the Fermi surface is performed.

There is an important difference between the impurities in
the immediate vicinity of the interface we considered here,
and impurities at a larger distance into the half metal. Only
impurities in the half metal that are within a minority-electron
wave-function decay length from the interface may enhance
Andreev reflection. Within a quasiclassical approach, such
impurities are considered as part of the interface, and they
are an integral part of the boundary conditions that have to be
applied at the half metal-superconductor interface. Impurities
that are located farther into the half metal lead to scattering
of quasiparticles before and after Andreev reflection, but such
impurities are not involved in the Andreev reflection process
itself. Their effect can be treated with standard methods
from quasiclassics or the scattering matrix approach, which
combine normal-state propagation inside the half metal with
the Andreev reflection boundary conditions at the half metal-
superconductor interface.>**’ In any case, since the induced
superconducting order is of the s-wave type for both clean and

—vs:(vy: — ivy)e + [vE, + (vy: + 2w)(ivy. + 2w) ]/ Af — &2
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disordered spin-active interfaces, impurities away from the
interface will only have a minor effect on the superconducting
order induced in the half metal.
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APPENDIX A: SCATTERING STATES

The full expression for the column vectors V} and V|
appearing in the Green function G, is

0
1 py(e)*etkiz(CoT k(o)
V1 g | e o0y eyretoner |+ (AD
0
T (8)*efik¢z(a)z+/<z(7£)z’
v, =1 0 (A2)
b (S, 0 '

ek(=o)lz =2 Tl(_s)*ekz(—s)(z-&-z’)

The detailed expressions for the coefficients p, and t, of
Eq. (12) are

pr(e) = , (A3)
Us (v, + ivp,)E — [v§Z + (vy; + 2w)(—ivy, + Zw)]‘ [A] — &2
2ie‘i¢v5zv¢on
pye) = — ; (A4)
vs: (V) +ivp)e 4 [V3, + (V)2 4 2w)(—ivy; + 2w) ]/ Af — €2
Vs (v +ivp)e — [V, — (Vg — 2w)(ivy, + 2w)]\/ A — &2
) = —— L5 = (v Sy , (AS)
Us:(vy; — ivp)e + [V3, + (V) + 2w)(ivy; + 2w)] |/ A — €2
2e_i¢v,LzUSzA0
Te) = (A6)

APPENDIX B: IMPURITIES PRECISELY AT
THE HS INTERFACE

If all impurities are located precisely at the HS interface
(i.e., zi =0 for all impurities), then the impurity-assisted
Andreev reflection amplitude vanishes to the order in the
interface transparency that was required to derive Egs. (34)

st(v“ — ivTZ)s - [ng + (U“ + 2w)(iv¢z + 2w)],/ A(z) — g2

and (37) of the main text. In this Appendix, we collect the
main results of this article for the case z; = 0.

For impurities located at the HS interface, it is not possible
to eliminate the parameters w and vs; in favor of the
normal-state transmission T4 (k) of the HS interface only. In
addition, we need the imaginary part Im 4 (k) of the reflection
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amplitude for majority electrons incident on the HS interface from the half metal,
—2iw — vs; + vy,

k) = .
(k) 2iw + vs; + vy,

(B

The transmission probability 7'(k;) for majority electrons incident at the half metal-superconductor interface with the
superconductor in the normal state is T4 (k) = 1 — |rT(k||)|2.
For the ﬁrst-order—in-Vi contribution to the Andreev reflection amplitude, one then finds

iuje_i¢+i(pKiz[TT(ki|)Im rT(kH) + TT(k”)Im rT(kh)]

RlaW, W, (KfZ + k’fz) /UTZU/Tz

to leading order in the interface transparency. The normal reflection amplitude is, again to first order in the impurity potential
and to leading order in the interface transparency,

rhe(O; k1|’k”) = — (kH <> k1|)’ (BZ)

iu; [Ty (k)T (K)) — 4Im ry (K)Im ry (K]
ree(0: K ) = — 1 (kT (k) 1(kpIm 7y (K| . (B3)
AW, W, szv/TZ

For the second-order-in-V; diagonal Andreev reflection amplitude, one finds
ute " O=OU3 [T ry (kI T3 () Ty (ky)? — 40mry (K12} (5k3, — 3k7)
60W, Wyl ic vilam ks,

me(0; KL k)) = , (B4)

where we took the limit vy < min(v,vs) < max(|w]|,vs). In the same limit, one finds that a single impurity at the HS interface
increases the zero-bias conductance of a HS junction by the amount

8¢2(0) T1(0)*[Im 74 (0) A3
525m 2l '

§G = (BS)

Finally, for impurities located precisely at the superconductor interface with surface density 7iyp 24, we find the Josephson current

__enW. W,y (0)’EL o—kBT/EL

1800712 Sin(g)
2
o (1kBTT1(O) | 120ksThky 23 (0) imp 2alTm 74 (0){ T3 (0)* — 4[Im r4(0)]*} B6)
Ag hvucf an '

APPENDIX C: IDEAL INTERFACE

Here, we analyze the case of an ideal half metal-superconductor interface with perfect transmission, keeping the (non-self-
consistent) step-function model for the order parameter A(r). Perfect transparency T3 (k) = 1 at the NS interface is achieved by
setting w = 0 and vs = vy. In analogy to Eq. (34), the leading contribution to the impurity-assisted Andreev reflection amplitude,

—4iu;eiotie . )
7he(0; kh ,k”) = [{ — ZeKWZ‘k/TZkTZ [kTZ COS(szZi) + K|z Sll’l(kai)]
1Gh W, Wy(k%z + Kfz)(kTZ + i"lz)(k/n — ikiz) U/TZUTZ

+ 26 kg i o[k} sin(ky zi) — K| cos(k)zi)] — ewﬂiﬂizak;z (k. —3k3.)} — &y < K], (C1)
vanishes for k| = k’H. For the first-order-in-V; normal reflection amplitude, we find, in analogy to Eq. (36),

—4iuiei¢’i“’{szk/TZeX(Wf*’(lz) — i)z cos(xkyz) — ky sin(xky)][k |, cos(xk},) — K, sin(xk/TZ)]}

Tee(0; ki|ak||) =

(€2)
RW, Wy Jor0) (k. — ik (K, — ik

The remaining results in this appendix are for the limit vs = vy < v, corresponding to a large mismatch of the (minority) Fermi
velocities in the half metal and the superconductor. For the diagonal contribution to e, we then find

dude N Ky (kg — 2kyo)

Fe(0: k) k) =
e AT w2

Ui (D — fikIe), (C3)
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Taking the average in impurity position in the half metal (38)
leads us to

6(a)nimpe*i¢+i“’k¢(k¢ — ZkTZ)
lak Tk '

(re(0s Ky k) = (C4)

As described in Sec. IV A, we calculate the leading correction
to the subgap conductance caused by a single impurity in the
half metal,

_ 2¢? 20;

K|-Zi 4
5G = e 2 by

2K 2% _ C5
EZE o @

PHYSICAL REVIEW B 85, 134531 (2012)

and find, after taking the average in impurity position,

4
G0y — 26 11{0)nimp Wi Wy K

h 187l g

(Co)

Finally, for the impurity-assisted Josephson current in the long-
junction limit for high temperatures, £, < kgT < Ag, we
find

;_ Joev; W Wokt (1 \?
L 42 \kyly

k4 . 2
x —Z[sin@)](ek”/“)(z”kﬂ - 3””“"<“>> @)
K| AV Ky

IR. S. Keizer, S. T. B. Goennenwein, T. M. Klapwijk, G. Miao,
G. Xiao, and A. Gupta, Nature (London) 439, 825 (2006).

2M. S. Anwar, F. Czeschka, M. Hesselberth, M. Porcu, and J. Aarts,
Phys. Rev. B 82, 100501(R) (2010).

3M. S. Anwar and J. Aarts, Supercond. Sci. Technol. 24, 024016
(2011).

4Y. Asano, Y. Tanaka, and A. A. Golubov, Phys. Rev. Lett. 98,
107002 (2007).

Y. Asano, Y. Sawa, Y. Tanaka, and A. A. Golubov, Phys. Rev. B 76,
224525 (2007).

oM. Eschrig and T. Lofwander, Nature Phys. 4, 138 (2008).

"B. Béri, J. N. Kupferschmidt, C. W. J. Beenakker, and P. W.
Brouwer, Phys. Rev. B 79, 024517 (2009).

8J. N. Kupferschmidt and P. W. Brouwer, Phys. Rev. B 80, 214537
(2009).

°]. Linder, M. Cuoco, and A. Sudbg, Phys. Rev. B 81, 174526
(2010).

0], N. Kupferschmidt and P. W. Brouwer, Phys. Rev. B 83, 014512
(2011).

""M. Duckheim and P. W. Brouwer, Phys. Rev. B 83, 054513 (2011).

12S. B. Chung, H.-J. Zhang, X.-L. Qi, and S.-C. Zhang, Phys. Rev. B
84, 060510 (2011).

13S. P. Lewis, P. B. Allen, and T. Sasaki, Phys. Rev. B 55, 10253
(1997).

14J. M. D. Coey and M. Venkatesan, J. Appl. Phys. 91, 8345 (2002).

ISE. S. Bergeret, A. F. Volkov, and K. B. Efetov, Phys. Rev. Lett. 86,
4096 (2001).

ISF. S. Bergeret, A. F. Volkov, and K. B. Efetov, Phys. Rev. Lett. 86,
3140 (2001).

'7A. Kadigrobov, R. Shekhter, and M. Jonson, Europhys. Lett. 54,
394 (2001).

18M. Eschrig, J. Kopu, J. C. Cuevas, and G. Schon, Phys. Rev. Lett.
90, 137003 (2003).

F. S. Bergeret, A. F. Volkov, and K. B. Efetov, Rev. Mod. Phys. 77,
1321 (2005).

20A. F. Andreev, Zh. Eksp. Teor. Fiz 46, 1823 (1964) [Sov. Phys.
JETP 19, 1228 (1964)].

2IR. C. O’Handley, Modern Magnetic Materials (Wiley, New York,
2000).

22T. S. Khaire, M. A. Khasawneh, W. P. Pratt, and N. O. Birge, Phys.
Rev. Lett. 104, 137002 (2010).

2BC. Klose, T. S. Khaire, Y. Wang, W. P. Pratt Jr., N. O. Birge,
B. J. McMorran, T. P. Ginley, J. A. Borchers, B. J. Kirby, B. B.
Maranville, and J. Unguris, Phys. Rev. Lett. 108, 127002 (2012).

24Y. Wang, W. P. Pratt, and N. O. Birge, e-print arXiv:1108.6243.

2G. Miao, G. Xiao, and A. Gupta, Phys. Rev. B 71, 094418 (2005).

%8. T. B. Goennenwein, R. S. Keizer, S. W. Schink, 1. van Dijk,
T. M. Klapwijk, G. X. Miao, G. Xiao, and A. Gupta, Appl. Phys.
Lett. 90, 142509 (2007).

?The symmetry argument allows for Andreev reflection only if the
(proximity-induced) superconductor is topologically nontrivial; see
Refs. 7, 11, and 32.

28M. Eschrig, Phys. Rev. B 80, 134511 (2009).

M. J. M. de Jong and C. W. J. Beenakker, Phys. Rev. Lett. 74, 1657
(1995).

30M. Houzet and A. I. Buzdin, Phys. Rev. B 76, 060504 (2007).

3IA. F. Volkov and K. B. Efetov, Phys. Rev. B 81, 144522 (2010).

32B. Béri, Phys. Rev. B 79, 245315 (2009).

3C. W. J. Beenakker, in Mesoscopic Quantum Physics, edited
by E. Akkermans, G. Montambaux, J.-L. Pichard, and J. Zinn-
Justin (North-Holland, Amsterdam, 1995), p. 279; see also e-print
arXiv:cond-mat/0406127.

K. K. Likharev, Rev. Mod. Phys. 51, 101 (1979).

3The Green function G, (s; Kk;z.z’) is a solution of the equation

(e — H)G.(e; K5 2,2) = 8(z — 2),

where H. is obtained from H by the replacements V> — 9%/3z>
and (e = o — hzkﬁ/Zm.

3G. E. Volovik, J. Phys. C 20, L83 (1987).

¥This result differs slightly from the Andreev reflection amplitude
reported in Ref. 10. We attribute the difference to an incorrect
expansion in the quasiparticle energy ¢ in that reference.

38G. E. Blonder, M. Tinkham, and T. M. Klapwijk, Phys. Rev. B 25,
4515 (1982).

P W. Brouwer and C. W. J. Beenakker, Chaos Soliton Fractals 8,
1249 (1997); see also e-print arXiv:cond-mat/9611162.

“0M. Eschrig, T. Léfwander, T. Champel, J. C. Cuevas, J. Kopu, and
G. Schon, J. Low Temp. Phys. 147, 457 (2007).

134531-10


http://dx.doi.org/10.1038/nature04499
http://dx.doi.org/10.1103/PhysRevB.82.100501
http://dx.doi.org/10.1088/0953-2048/24/2/024016
http://dx.doi.org/10.1088/0953-2048/24/2/024016
http://dx.doi.org/10.1103/PhysRevLett.98.107002
http://dx.doi.org/10.1103/PhysRevLett.98.107002
http://dx.doi.org/10.1103/PhysRevB.76.224525
http://dx.doi.org/10.1103/PhysRevB.76.224525
http://dx.doi.org/10.1038/nphys831
http://dx.doi.org/10.1103/PhysRevB.79.024517
http://dx.doi.org/10.1103/PhysRevB.80.214537
http://dx.doi.org/10.1103/PhysRevB.80.214537
http://dx.doi.org/10.1103/PhysRevB.81.174526
http://dx.doi.org/10.1103/PhysRevB.81.174526
http://dx.doi.org/10.1103/PhysRevB.83.014512
http://dx.doi.org/10.1103/PhysRevB.83.014512
http://dx.doi.org/10.1103/PhysRevB.83.054513
http://dx.doi.org/10.1103/PhysRevB.84.060510
http://dx.doi.org/10.1103/PhysRevB.84.060510
http://dx.doi.org/10.1103/PhysRevB.55.10253
http://dx.doi.org/10.1103/PhysRevB.55.10253
http://dx.doi.org/10.1063/1.1447879
http://dx.doi.org/10.1103/PhysRevLett.86.4096
http://dx.doi.org/10.1103/PhysRevLett.86.4096
http://dx.doi.org/10.1103/PhysRevLett.86.3140
http://dx.doi.org/10.1103/PhysRevLett.86.3140
http://dx.doi.org/10.1209/epl/i2001-00107-2
http://dx.doi.org/10.1209/epl/i2001-00107-2
http://dx.doi.org/10.1103/PhysRevLett.90.137003
http://dx.doi.org/10.1103/PhysRevLett.90.137003
http://dx.doi.org/10.1103/RevModPhys.77.1321
http://dx.doi.org/10.1103/RevModPhys.77.1321
http://dx.doi.org/10.1103/PhysRevLett.104.137002
http://dx.doi.org/10.1103/PhysRevLett.104.137002
http://dx.doi.org/10.1103/PhysRevLett.108.127002
http://arXiv.org/abs/arXiv:1108.6243
http://dx.doi.org/10.1103/PhysRevB.71.094418
http://dx.doi.org/10.1063/1.2715442
http://dx.doi.org/10.1063/1.2715442
http://dx.doi.org/10.1103/PhysRevB.80.134511
http://dx.doi.org/10.1103/PhysRevLett.74.1657
http://dx.doi.org/10.1103/PhysRevLett.74.1657
http://dx.doi.org/10.1103/PhysRevB.76.060504
http://dx.doi.org/10.1103/PhysRevB.81.144522
http://dx.doi.org/10.1103/PhysRevB.79.245315
http://arXiv.org/abs/arXiv:cond-mat/0406127
http://dx.doi.org/10.1103/RevModPhys.51.101
http://dx.doi.org/10.1088/0022-3719/20/7/003
http://dx.doi.org/10.1103/PhysRevB.25.4515
http://dx.doi.org/10.1103/PhysRevB.25.4515
http://dx.doi.org/10.1016/S0960-0779(97)00018-0
http://dx.doi.org/10.1016/S0960-0779(97)00018-0
http://arXiv.org/abs/arXiv:cond-mat/9611162
http://dx.doi.org/10.1007/s10909-007-9329-6

