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We consider how superconducting correlations influence spin-transfer torques in ferromagnetic super-
conductors. It is demonstrated that there is a novel torque arising from particle-hole interference that
depends on the U(1) phase associated with the superconducting order parameter. We also show that there
is an equilibrium exchange torque between two ferromagnetic superconductors in contact via a normal
metal mediated by Andreev states. The latter equilibrium magnetic torque is also sensitive to spin-
resolved phase differences in the superconducting order parameters as well as to an externally applied

phase difference.
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Introduction.—The synthesis of materials with magnetic
and superconducting order offers interesting possibilities.
The combination of spin-filtering in ferromagnets with
dissipationless currents in superconductors is of fundamen-
tal interest and offers routes towards novel types of con-
trolled charge and spin flow. Considerable activity in the
field focuses on the range of the superconducting proximity
effects, demonstrating that singlet Cooper pairs can be
converted to triplet Cooper pairs in inhomogeneous [1-4]
or time-dependent [5—7] magnetic textures.

In ferromagnets, spin-transfer torques attract great inter-
est since they involve the coupling between itinerant car-
riers and collective magnetic order parameters and can be
useful in magnetic random access memories and oscillator
circuits [8,9]. Spin-transfer torque result from the transfer
of spin angular momentum from the (spin) current to the
magnetization. While many aspects of how s-wave super-
conductivity affects spin-transport and spin-transfer tor-
ques are known [10], there are no predictions of how
spin-transfer torques are manifested in ferromagnetic
superconductors. In these systems, we show that the
spin-transfer torques depend on the phase of the super-
conducting pairing correlations. This can be utilized as an
additional way of controlling and detecting spin-transport
and magnetization dynamics.

In this Letter, we compute magnetic torques in ferro-
magnetic superconductors, in both equilibrium and out-of-
equilibrium cases. Out of equilibrium, a spin-polarized
current with a polarization that is noncollinear to the
magnetization and injected from a normal metal (NM)
towards a ferromagnetic superconductor (FMS) generates
a novel torque on the magnetization of the FMS due to
particle-hole interference, which strongly depends on the
phase of the spin-triplet superconducting order parameter.
We further demonstrate that there is an equilibrium
magnetic torque in a FMS-NM-FMS Josephson contact
mediated by Andreev states [11]. Here, the formation of
spin-triplet electron-hole Andreev bound states with a
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noncollinear spin polarization plays the essential role.
We demonstrate the penetration of this equilibrium torque
into the FMS and its sensitivity to an external applied phase
difference as well as the spin-resolved phase of each FMS.

Theory.—To model the coexistence of bulk supercon-
ductivity and ferromagnetism, as experimentally verified
in UGe, [12], URhGe [13], and UCoGe [14], we consider
equal spin-pairing triplet superconductivity. Then, Cooper
pairs are not broken by Zeeman fields smaller than 70 meV
in UGe, [12]. The variation of the equilibrium exchange
interaction between two ferromagnets with the relative
angles of the magnetizations is a Fermi surface property
[15]. Similarly, the out-of-equilibrium spin-transfer torque
is governed by states near the Fermi level.

Let us first demonstrate that the out-of-equilibrium spin
transfer in ferromagnetic superconductors is qualitatively
different than that in conventional ferromagnets.
Conventionally, the spin-transfer torque exerted on the
magnetic order parameter equals the loss of transverse
spin current in the ferromagnet. This absorption takes place
over a small distance from the interface region, typically
on the order of a few Fermi wavelengths in strong ferro-
magnets. In contrast, in ferromagnetic superconductors, we
find that the spin-transfer torque does not equal the loss of
quasiparticle spin current. The underlying reason for this
can be understood by inspecting the spin continuity equa-
tion. We start by defining the spin density S and the
Hamiltonian H,

2 0 —o* )" A —-Hy )
where =1 and Hy= —V?/2m)—u—h-o, A=
diag(Ay, A)). Here, h is the exchange field, o is a vector
of Pauli matrices, and A, o =7, | are the superconducting
order parameters for majority and minority spin carriers.

The Hamiltonian (1) determines the rate of change of the
spin density
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atS + alJfS = Ssuper + TSTT» (2)
where
. 1 .
Js =5 - Im{y {00 + ¥io70a),  (a)
Ssuper = _Im{l//;A*Ulpl - lpIAU*l//Z}’ (3b)

¢ilo X hly, — ¢ile* X hly,  (3c)

and ¢/, and ¢, are electronlike and holelike 2 X 1 spinors
constituting the total wave function, i.e., = (¢, ¥,)".

The rate of change of the spin density (2) consists of the
quasiparticle spin-current tensor J¢ [superscript i indicat-
ing its spatial components in Eq. (2)], the spin supercurrent
carried by the condensate Sy, and the spin-transfer torque
exerted on the ferromagnetic order parameter Tgrr. The
spin-transfer torque of Eq. (3¢) has a simple interpretation
in the case of stationary transport in a normal-metal-
ferromagnet system when it represents the loss of the trans-
verse component of the spin current, 9;J5 = 7. Then,
the total torque is [7srr = Js(FM) — J3(NM) where
Js(NM) is the spin current at the NM-FM interface
and J¢(FM) is the spin current deep inside the ferromagnet.
In metallic ferromagnets in good contact with normal
metals, the incoherence between the spin-up and spin-
down states within the ferromagnet implies that the
transverse components of J¢(FM) vanish at length scales
that are larger than the transverse decoherence length.
Thus, [7srr = m X [m X Js(NM)], which is the estab-
lished consensus [9].

Since ¢ and ¢, contain contributions from electronlike
and holelike quasiparticles, Eq. (3c) shows that the torque
is directly modified by superconducting correlations. In
turn, these correlations are controlled by the coherence
factors that depend explicitly on the superconducting
U(1) phases associated with each of the order parameters
A, in p-wave ferromagnetic superconductors. This
implies that the spin-transfer torque is sensitive to the
superconducting phase, in contrast to, e.g., the charge
conductance, which is insensitive to the U(1) phase.
The origin of this effect is that the torque acquires
contributions from interference terms of the propagation
of electronlike and holelike excitations. Since these
excitations have different U(1) superconducting phases
due to the spin-resolved condensate, the torque will depend
explicitly on the internal phase difference between
the two spin condensates. We explicitly verify this

TSTT =

statement below. Since a part of the spin current is
carried by the condensate via Sgper, the loss of the
quasiparticle spin current is not fully compensated by the
torque Tgpr exerted on the ferromagnetic order parameter.

To explicitly compute the spin-transfer torque, we
consider a two-dimensional system in the x-y plane
[see Fig. 1(a)] and assume there is a normal metal to the
left (x <0) and a ferromagnetic superconductor to the
right (x > 0). To model spin injection into the ferromag-
netic superconductor, consider an incident particle in the
normal metal at the Fermi energy with a magnetic moment
at an angle « with respect to the z axis; a superposition of
spin up and down states along the z direction. Taking
into account both normal and Andreev reflection as well
as the transverse wave vector k,, the total wave function
in the normal-metal region in spin-Nambu space is ¢, =
(c, 5,0,0)e™* + r(1,0,0,0)e"** + 7/(0, 1,0, 0)e” k> +
rL(O, 0, 1, 0)etker + ri(O, 0,0, 1)e** where ¢ = cos(a/2)

and s = sin(a/2). The longitudinal wave vector is k, =

‘/ k¥xm — k3 with kpyy being the Fermi wave vector in the
normal region. In the ferromagnetic superconductor, the

wave function is ¢y, = tL(uT, 0, vTe*"VL*wT,O)e"qLX +
(0, uy, 0, vle_"’/i_”’l)e""ix + tL(vTei7L+i”T, 0, uy, ())e*in,X+
tﬁl(O, vleiVL“‘gl,O, ul)e_""lhx. In this expression, we
have as an illustration assumed chiral p-wave supercon-
ducting gaps similar to the A2 phase in liquid *He
[16], Ay = Ay ok, + iky)/kp, and it is straightforward
to consider other scenarios. Furthermore, we have

defined g7 = k3 + 2m(ah + ilA,) = K2, qf=
\/kgs +2m(ah—ilA,l) — k2, and ®% = (Bk, + ibk,)/

kig+2moh, B, 6 = %1, o =1, |, while kpg is the
normal-state Fermi wave vector in the superconducting
region. The transmission and reflection coefficients, which
allow computation of the transport properties, are obtained
by applying continuity of the wave functions and currents at
the interface.

Experimentally, the relations w >> i > |A ;| hold: the
superconducting transition occurs only deep within the fer-
romagnetic phase. To reduce the complexity of the analyti-
cal results, we assume that kg >> kpny, an assumption that
has no qualitative effects on our main findings. With these
assumptions, the torque in Eq. (3c) is

(TsT1)x = Shk)%cse*x/‘fslm{ﬂlefzih"/”F(u;‘ul + v}kvle"(ylfﬁ)ﬂw) + J’leeZih"/"F(uFul + vrvlei(7£*71)+iA0)

X ﬂ36i(2k12”57k§)x/k”(UTule_i’yL +u?<vle—iy£+iA0)+ ﬂ4€7i(2k%§7k§)x/km(M}kvlei’yl’ +Urul€iy1++iA0)}, (4)

where we have defined &g = vp/(IAq] + |A]). The ex-
pression for the y component of Tgpr is obtained from
Eq. (4) by multiplication with an overall factor phase

factor e~ ™/2 inside the brackets {- - -}. The torque is
perpendicular to the magnetization, so its z component
vanishes. Both components of the spin transfer torque

237206-2



PRL 109, 237206 (2012)

PHYSICAL REVIEW LETTERS

week ending
7 DECEMBER 2012

are proportional to the injected transverse spin current
via the overall prefactor cs. The coefficients A ; depend
on the coherence factors and wave vectors but are inde-
pendent of the phase difference Af = 6; — 6, between
the majority and minority spin superconducting order
parameters.

Equation (4) demonstrates that the spin-transfer torque
is qualitatively different in ferromagnetic superconductors
as compared to that of ferromagnets. The torque has two
terms proportional to e*2/*/r that correspond to the
conventional rapid oscillations on a length scale A, =
2a/(ky — ky) ~ 1/h, which becomes of order O (nm) in
strong ferromagnets. However, there are two additional
terms proportional to e*/2kks—k)x/kes which only appear
in the presence of superconductivity (A, # 0).
Interestingly, these terms introduce a new and shorter
length scale due to the appearance of the term = 2k in
the exponent (note that kzg > k, due to the assumption
krs > kpnm). The physical origin of these terms is
particle-hole interference which is unique in the super-
conducting state and vanishes when A, — 0. The injected
spin current causes the transmission of both electronlike
and holelike quasiparticles into the superconductor. The
interference between two electronlike waves (or two hole-
like waves) gives rise to the usual spin-transfer torque
oscillating on the length scale A;. In contrast, the two last
terms in Eq. (4) proportional to u*v represent particle-hole
interference. This also gives rise to a different length scale
since holelike waves have opposite momentum relative to
their group velocity and thus interferes with the electronlike
waves in a way that cancels the exchange-field dependence
on the oscillation length. A unique aspect of the spin-
transfer torque acting on a ferromagnetic superconductor
is that the torque itself might be able to rotate the super-
conducting order parameter [17]. The latter, having a spin-
triplet symmetry, is described by an orbital part and a vector
in spin space. For a sufficiently large torque acting on the
magnetic order parameter, one might expect the supercon-
ducting order parameter to be rotated as well due to the
coupling between them.

An intriguing feature about the spin-transfer torque in
Eq. (4) is that it depends explicitly on the difference A@
between the spontaneously broken U(1) phases of the
superconducting order parameters A . This is in contrast
to, e.g., the charge conductance, which is insensitive to A6.
This property of the spin-transfer torque may be under-
stood as follows. For longitudinal spin currents, the spin
supercurrent is carried by the condensate with phase 6; and
the condensate with phase 6|, but no superposition of these
occurs. This is different when a transverse spin current is
injected with a spin polarization at an angle ¢ with respect
to the magnetic order parameter that corresponds to a
noncollinear superposition of quasiparticles from the two
spin branches of the condensate. Therefore, the phase
difference appears in this contribution to the spin-transfer

torque. As a result, the torque Tgrr offers a possible probe
for the relative phase difference A6.

Let us investigate this in more detail. In the Hamiltonian
used to model the coexistence of ferromagnetism and
superconductivity, we have assumed that the spin bands
are independent by ignoring, e.g., spin-flip and spin-orbit
scattering. Nevertheless, such processes can influence the
relative superconducting phase between the bands due to a
Josephson coupling between them. We can include these
couplings by terms of the form )\Re{ATAf} in the Ginzburg-
Landau free energy. The coupling constant A depends on the
system parameters and may change sign, which dictates
whether the ground-state phase difference is A6 = 0 (for
A <0)or A@ = 7 (for A > 0). We have shown that the spin
transfer torque depends on the phase difference A6. Even in
the scenario that there are only two possible values of the
phase difference to A# € {0, 7}, the absorbed torque is
different in these two cases and the signatures of Af may
thus be seen. We have verified this numerically (not shown)
by considering the total torque absorbed after penetrating
the ferromagnetic superconductor a distance x, Ty =
Jo Xk, 7str(*, ky)dx', where Tgry is given by the general
expression in Eq. (3¢c). By including all transverse modes,
classical dephasing has also been accounted for. We find
that the torque is suppressed when A6 = 7, which may be
understood from Eq. (4). Using a self-consistent calcula-
tion [18], |A4] = |A| for a relatively weak exchange field
h < g, as is relevant for experimentally observed ferro-
magnetic superconductors. As aresult, u, ~u_,and v, =
v_,. When A6 = 0, the coherence factors in the terms
e™2ihx/vr corresponding to the conventional spin-transfer
torque, add constructively. However, a cancellation occurs
when Af = 7, since u, = v}, for subgap energies (Fermi
level). On the other hand, the torque terms due to particle-
hole interference in Eq. (4) remain rather unchanged when
changing A6, as can be seen by using the above-mentioned
symmetries for the coherence factors.

We will now complement the understanding of the out-
of-equilibrium spin-transfer torque with an equilibrium
analogue that can be seen in the Josephson effect between
ferromagnetic superconductors separated by a NM layer
[see Fig. 1(b)]. In this case, in addition to the spin U(1)
phase Af assumed to be identical in both FMSs, there is
also an overall phase difference ¢ between the order
parameters of the FMSs. The magnetization vectors of
the FMSs are assumed to be misaligned by an angle «.
For subgap energies |E| =|Ay|, successive Andreev
reflections at the NM-FMS interfaces and the coherent
propagation of the excitations between these reflections
lead to the formation of Andreev bound states [19-21].
In our FMS-NM-FMS system, these are correlated
electron-hole pairs in spin-triplet states with a noncollinear
polarization. We have found the spectrum of these Andreev
bound states by considering the electronic states in the
corresponding spinors and their derivatives at the right
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FIG. 1 (color online). (a) Spin-injection into a FMS.

(b) Exchange torque setup for two FMSs separated by a normal
region.

and left NM-FMS interfaces. We restrict ourselves to the
case of a short NM contact with thickness L that is much
smaller than the superconducting coherence length £. In
this limit, the subgap Andreev states with |E| = [A;]
dominate the superconducting transport properties [22].
The opening of a gap at the Fermi level removes part of
the normal-state exchange torque, and we assume that the
Andreev states dominate the net exchange interaction.
Figure 2 shows the dependence of the Andreev energy
states on the phase difference ¢ for A@ = 0 and for vary-
ing angles a [a@ = 0 (a), « = 7w/4 (b), « = 7/2 (c), and
a = 7 (d)] and A@ = 7 (e) when k, = 0. For both Figs. 2
and 3, we use the same values for the exchange and super-
conducting gap, h/Er = 0.1, h/A = 10, and assumed
transparent interfaces. The Andreev bound states consist
of four branches in the space of electron-hole excitations
and in the space of spin. Figures 2(a)-2(d) show that for
A6 = 0 the phase dependence for these branches is shifted
by *a with respect to that of a conventional short SNS

o/n o/n o/n

FIG. 2 (color online). Energy of Andreev bound states E/A for
a short FMS-NM-FMS contact consisting of four branches, two
of which are degenerate for « = 0 (a) and a = 7 (d), (indicated
in different colors) for the electron and hole excitations and for
two directions of the spin. [(a)—(d]) For A@ = 0 and versus the
phase difference ¢ for the angle a = 0 (a), 7/4 (b), 7/2 (c), and
7 (d). (e) For A@ = 77 and when ¢ = 7/2 as a function of «,
where the energy is almost independent on the angle « (see also
the lower inset) in contrast to the case of A6 = 0. The higher
inset shows the dependence of E/A on ¢ for & = /2. We have
set h/Ep = 0.1, h/A = 10, and k, = 0.

junction, which is given by €,, = =Ajcos(¢/2) [23].
Thus, considering transport normal to the interface, the
Andreev energies closely obey the relations €,,1; =
+Ajcos[(¢ * a)/2] when Af = 0. Note that for the col-
linear configurations (o = 0 or 7r) the branches are doubly
degenerate. In contrast, when A@ = 7, the dependence on
« is rather weak, as seen in Fig. 2(e) (see also the lower
inset). In this case, the phase dependence is almost the
same as in the conventional SNS case, as seen in the higher
inset of Fig. 2(e).

The spin-polarized Andreev states can carry charge and
spin supercurrent. The spin supercurrent is related to the
magnetic coupling originating from superconducting cor-
relations between the magnetization vectors of the two
FMSs. As a result, an equilibrium exchange torque is
exerted on the magnetization vectors. We have calculated
the x component of this Andreev torque, (7gxt)y, USING
Eq. (3c) and by summing over the contribution of all
Andreev states. This component is perpendicular to the
plane formed by the two magnetization vectors and tends
to rotate them around the x axis. We have found that this
superconducting torque is odd in « but even in ¢, obeying
the relations (7gxr).(a, ) = —(Tex1), (27 — @, ¢) and
(TEXT)x(a’ §0) = (TEXT)x(a! 27 — ¢)’ reSpeCtiVCIY'

Figure 3 presents the dependence of (7gxt),, acting on
the magnetization in FMS1, on the distance x from the
NM-FMS interface and for different values of a when
A6 =0 (a) and AO = 7 (b). Here, we have fixed ¢ =
/4. The value of (7gxr), exhibits spatial oscillations with
aperiod around A;, ~ 1/h, and the amplitude decays with x
over a penetration length, which is a fraction of £. For
A6 = 7, the amplitude of the exchange torque is dimin-
ished, as compared to the A9 = 0 case. This behavior is
qualitatively the same as that for the nonequilibrium spin-
transfer torque. The dependence on the phase ¢ is shown in
the insets of Figs. 3(a) and 3(b). As can be seen, for both

x 10
6
% 4
1 ' N
1
1 1 2
[} \
‘4 | g
N 0
1 1
1
1 1
)
! wiot Vg
1 2 —
1 })’ = =4
wr=0.1 | |1 20N , ’
L’ == am=05 | [i v -4 N , -6
'A6=0.0; 0=1/47 = = =om=09 || AG=m; p=1/4n b
-1 LY T_8
0.002 x/E, 0.3 x/E, 0.3

FIG. 3 (color online). Component of the exchange torque that
is perpendicular to the plane formed by the magnetization
vectors, (Tgxt),» as a function of the distance x from the FMS-
NM interface inside FMS1 when A6 = 0 (a) and A8 = 7 (b).
We have set ¢ = 7/4, h/Er = 0.1, and h/A = 10. The insets
show the corresponding dependence on ¢ calculated at the point
x = L = 0.002¢ for different angles «.
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values of A@ the amplitude as well as the direction of the
torque can be tuned by externally changing the phase
difference over the contact.

In conclusion, in ferromagnetic superconductors, there
is a novel spin-transfer torque which arises from particle-
hole interference between quasiparticles from the two spin
branches of the condensate. In a normal-metallic contact
between two ferromagnetic superconductors, an equilib-
rium spin Josephson current arises, which results from
noncollinear magnetizations, is carried by spin-triplet
Andreev bound states, and is sensitive to the spin-resolved
(internal) phase difference and the applied phase difference
between the superconducting order parameters. These find-
ings could open new perspectives for obtaining phase-
dependent spin-polarized transport and magnetization
dynamics by combining ferromagnetic and superconduct-
ing correlations.

J.L. would like to thank A. Sudbg for many useful
discussions. Z.S. and M.Z. acknowledge support by the
Institute for Advanced Studies in Basic Sciences (IASBS)
Research Council under Grant No. G2012IASBS110.
M. Z. thanks ICTP in Trieste for hospitality and support.

[1] For a review, see F.S. Bergeret, A.F. Volkov, and K.B.
Efetov, Rev. Mod. Phys. 77, 1321 (2005).

[2] R.S. Keizer, S.T.B. Goennenwein, T.M. Klapwijk, G.
Miao, G. Xiao, and A. Gupta, Nature (London) 439, 825
(20006).

[3] A.IL Buzdin, Rev. Mod. Phys. 77, 935 (2005).

[4] J.W.A. Robinson, J.D.S. Witt, and M.G. Blamire,
Science 329, 59 (2010).

[51 M. Houzet, Phys. Rev. Lett. 101, 057009 (2008).

[6] H. Skadsem, A. Brataas, J. Martinek, and Y. Tserkovnyak,
Phys. Rev. B 84, 104420 (2011).

[7]1 C.Holmgqvist, W. Belzig, and M. Fogelstrém, Phys. Rev. B
86, 054519 (2012).

(8]
(91

[10]

[11]
[12]
[13]

[14]

237206-5

J. C. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996);
L. Berger, Phys. Rev. B 54, 9353 (1996).

D.C. Ralph and M. D. Stiles, J. Magn. Magn. Mater. 320,
1190 (2008); A. Brataas, A.D. Kent, and H. Ohno, Nat.
Mater. 11, 372 (2012).

X. Waintal and P. W. Brouwer, Phys. Rev. B 65, 054407
(2002); Y. Tserkovnyak and A. Brataas, Phys. Rev. B 65,
094517 (2002); T. Lofwander, T. Champel, J. Durst, and
M. Eschrig, Phys. Rev. Lett. 95, 187003 (2005); Z.
Nussinov, A. Shnirman, D.P. Arovas, A.V. Balatsky, and
J. X. Zhu, Phys. Rev. B 71, 214520 (2005); F. Giazotto, F.
Taddei, R. Fazio, and F. Beltram, Phys. Rev. Lett. 95,
066804 (2005); E. Zhao and J. A. Sauls, Phys. Rev. Lett.
98, 206601 (2007); M. Alidoust, J. Linder, G. Rashedi, T.
Yokoyama, and A. Sudbo, Phys. Rev. B 81, 014512
(2010); Z. Shomali, M. Zareyan, and W. Belzig, New J.
Phys. 13, 083033 (2011).

A.F. Andreev, Sov. Phys. JETP 19, 1228 (1964).

S.S. Saxena et al., Nature (London) 406, 587 (2000).

D. Aoki, A. Huxley, E. Ressouche, D. Braithwaite, J.
Flouquet, J.-P. Brison, E. Lhotel, and C. Paulsen, Nature
(London) 413, 613 (2001).

N.T. Huy, A. Gasparini, D. de Nijs, Y. Huang, J. Klaasse,
T. Gortenmulder, A. de Visser, A. Hamann, T. Goérlach,
and H. Lohneysen, Phys. Rev. Lett. 99, 067006
(2007).

P. Bruno, Phys. Rev. B 52, 411 (1995).

A.J. Leggett, Rev. Mod. Phys. 47, 331 (1975).

A. Brataas and Y. Tserkovnyak, Phys. Rev. Lett. 93,
087201 (2004).

J. Linder and A. Sudbg, Phys. Rev. B 76, 054511
(2007).

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

M. Tinkham, Introduction to Superconductivity (Dover,
New York, 2004).

C. W.J. Beenakker, Phys. Rev. Lett. 67, 3836 (1991).

C. W.J. Beenakker and H. van Houten, Phys. Rev. Lett. 66,
3056 (1991).

I. O. Kulik and A.N. Omelyanchouk, Sov. J. Low Temp.
Phys. 3, 459 (1977); 4, 142 (1978).


http://dx.doi.org/10.1103/RevModPhys.77.1321
http://dx.doi.org/10.1038/nature04499
http://dx.doi.org/10.1038/nature04499
http://dx.doi.org/10.1103/RevModPhys.77.935
http://dx.doi.org/10.1126/science.1189246
http://dx.doi.org/10.1103/PhysRevLett.101.057009
http://dx.doi.org/10.1103/PhysRevB.84.104420
http://dx.doi.org/10.1103/PhysRevB.86.054519
http://dx.doi.org/10.1103/PhysRevB.86.054519
http://dx.doi.org/10.1016/0304-8853(96)00062-5
http://dx.doi.org/10.1103/PhysRevB.54.9353
http://dx.doi.org/10.1016/j.jmmm.2007.12.019
http://dx.doi.org/10.1016/j.jmmm.2007.12.019
http://dx.doi.org/10.1038/nmat3311
http://dx.doi.org/10.1038/nmat3311
http://dx.doi.org/10.1103/PhysRevB.65.054407
http://dx.doi.org/10.1103/PhysRevB.65.054407
http://dx.doi.org/10.1103/PhysRevB.65.094517
http://dx.doi.org/10.1103/PhysRevB.65.094517
http://dx.doi.org/10.1103/PhysRevLett.95.187003
http://dx.doi.org/10.1103/PhysRevB.71.214520
http://dx.doi.org/10.1103/PhysRevLett.95.066804
http://dx.doi.org/10.1103/PhysRevLett.95.066804
http://dx.doi.org/10.1103/PhysRevLett.98.206601
http://dx.doi.org/10.1103/PhysRevLett.98.206601
http://dx.doi.org/10.1103/PhysRevB.81.014512
http://dx.doi.org/10.1103/PhysRevB.81.014512
http://dx.doi.org/10.1088/1367-2630/13/8/083033
http://dx.doi.org/10.1088/1367-2630/13/8/083033
http://dx.doi.org/10.1038/35020500
http://dx.doi.org/10.1038/35098048
http://dx.doi.org/10.1038/35098048
http://dx.doi.org/10.1103/PhysRevLett.99.067006
http://dx.doi.org/10.1103/PhysRevLett.99.067006
http://dx.doi.org/10.1103/PhysRevB.52.411
http://dx.doi.org/10.1103/RevModPhys.47.331
http://dx.doi.org/10.1103/PhysRevLett.93.087201
http://dx.doi.org/10.1103/PhysRevLett.93.087201
http://dx.doi.org/10.1103/PhysRevB.76.054511
http://dx.doi.org/10.1103/PhysRevB.76.054511
http://dx.doi.org/10.1103/RevModPhys.51.101
http://dx.doi.org/10.1103/PhysRevLett.67.3836
http://dx.doi.org/10.1103/PhysRevLett.66.3056
http://dx.doi.org/10.1103/PhysRevLett.66.3056

