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Inhomogeneous states of nonequilibrium superconductors:
Quasiparticle bags and antiphase domain walls
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Nonequilibrium properties of short-coherence-lengitivave superconductors are analyzed in the presence
of extrinsic and intrinsic inhomogeneities. In general, the lowest-energy configurations of quasiparticle exci-
tations are topological textures into which quasiparticles segregate and that are described as antiphase domain
walls between superconducting regions whose order parameter phases diffeAbyphase domain walls can
be probed by various experimental techniques, for example, by optical absorption and NMR. At zero tempera-
ture, quasiparticles seldom appear as self-trapped bag states. However, for low concentrations of quasiparticles,
they may be stabilized in superconductors by extrinsic defg8&163-18288)05321-1

[. INTRODUCTION superconductors are unstable against a formation of an-
tiphase domain walls into which the quasiparticles localize
In general, studies of superconductors emphasize thend that the local structure and nonuniform spin density
equilibrium properties as probed by linear response. Equalljmake these topological textures accessible to various experi-
important are conditions where the superconductor is drivefental probes. In particular, they produce a distinctive opti-
far from equilibrium. A nonequilibrium state may be cal absorption spectrum that may serve as a unique signature
achieved, for example, by photoexciting quasiparticeer ~ Of their presence. In addition, any probe that is sensitive to a
injecting them into the superconductor through a tunnefocal magnetization would lend further support. For example,

junction®~® These experiments have revealed a variety of /MR and muon-spin resonance might be suitable for this
interesting  phenomena ranging  from first-order PUrpose. Figure 1 illustrates schematically a tunnel-junction

superconductor-metal transitions, to various instabilities angxperlment for generating and detecting antiphase domain-

: . . . wall textures. Similar experimental construction has been
spatially inhomogeneous states with a laminar structure P

where either superconducting phases with distinct energswgeﬁeOI to demonstrate that spin and charge are trans-

aps or superconducting and normal phases coexist %orted by separate quasiparticle gxcit.ations n a
gap P 9 P : superconductot’ We also consider quasiparticle bags that

At finite temperature, quasiparticle dynamics in the non-p.e \gntopological states of quasiparticles associated with a
equilibrium state is dominated by scattering with phononggca| suppression of the order parameter that may appear in
and decay with phonon emission. These processes are ch@fe presence of defects when the quasiparticle density is
acterized by the scattering time; and the lifetimer, . small enough.
While these time scales are long enough compare 1o, Our work is partially motivated by the fact that only a few
so that the superconducting energy gap is sharply studies exist on self-trapped quasiparticle states in
defined! they are also typically of the same order of magni- superconductot$!2 and that either quasiparticle-bag or an-
tude, 7~ 7, .2 As a consequence, it is not obvious that thetiphase domain-wall excitations are usually considered as a
quasiparticles will equilibrate to a metastable state even ureuriosity and often disregarded as unphystéaf Our pur-
der steady-state conditions. In contrast, when the lifetime opose is to address the question of their existence in the mean-
quasiparticles is the longest time scale, quasiparticles wilfield approximation and to examine possible experimental
reach such a state making it possible for new phenomena fimplications by focusing on quasi-one- and two-dimensional
emerge. A metastable state is obtained if the system has a
symmetry group that makes it possible for the excited and
ground states to transform according to different irreducible Ferromagnetic Superconductor
representations so that the quasiparticle excitations cannot metal
decay. It is clear that, in the absence of spin-orbit coupling, 1lei®™ 1| oim 1
the only practically meaningful symmetry group is spin-
rotational symmetry, because in the superconducting phase
broken gauge symmetry destroys the charge conservation.
Quasiparticle excitations whose spins are aligned along the £ 1. schematic description of a tunnel-junction experiment
same direction may be obtained by using a ferromagnetinere spin-polarized quasiparticles are injected from a ferromag-
metal as a source. netic metal through an insulating barrier to a superconductor. In the
In this paper, we examine various metastable configurasuperconductor, injected quasiparticles have formed a laminar
tions of quasiparticles and their signatures that might destructure of intervening superconducting domains separated by an-
velop when spin-polarized quasiparticles are excited iniphase domain walls between regions where the neighboring order-
s-wave superconductors. Our most important finding is thaparameter phases are shifted 4y
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superconductors that are realized in wires and films. Analoeited quasiparticles to relax, the energy spectrum and the

gous questions have been studied in the context of antiferrmrder parameter must be modified, as will be discussed be-

magnets, although no detailed predictions regarding supefew.

conductors have been matfe-* The interaction between the conduction electrons and the
impurities in the superconductor is given by the Hamiltonian

II. FORMALISM
Himp:Z [V(r)n(r)+J3S(r)-s(r)], (4)

Our starting point in describing quasiparticle excitations
in an s-wave superconductor is the lattice formulation of R
electrons hopping between nearest-neighbor sites and intethere n(r)==,n,(r) and s(r)=33,,4!(r)7,,¥,(r) are
acting via an effective two-particle interaction, the conduction-electron number density and spin-density op-
erators. In the case of pointlike impurities located at gifes
. + the potentialscalaj and magnetic scattering terms have the
H_ZW<R2r)o- Y (R+ r)lﬂg(R)—M% n,(R) forms V(r)=2,V,8, and S(r)=%,S,8, . Typically, the
distribution of impurities is assumed to be random, whereas
the magnitude of scalar and magnetic scattering are constant,
V,=V andw=J92, whereS=|S,|. For later emphasis, it is
_ _ _ useful to introduce here a particle-hole transformation gen-
Here, ,(r) is thg electror_1 operator with spim, (Rr) de-  grated by the operatar:
notes nearest-neighbor sites separated ,bW is the half
bandwidth(on a square Iattjpe,u is thg chemical poterjtial, W(r) =P’ (1)=(—1)"7P¥(r). (5)
and the operatom,(r)=,(r)¥,(r) is the conduction-
electron number density for spin. The strength of the pair- el : : . '
ing interactionU (<0) is assumed to be intermediate so that!att'ce, is invariant under t'hIS transformation. Moreover, if the
the mean-field approximation gives a qualitatively reliableMPUrity moments are aligned along the same direction and
description of the superconducting ground state and the low'€r€ i no potential scattering, the impurity Hamiltonian
energy excitations. Specifically, consider a two-dimensionafimp Will @lso be invariant under the same transformation.
lattice model where electrons can interact with randomly disPotential scattering and randomly oriented impurity mo-
tributed defects. These defects can either have a magnefiRéNts break particle-hole symmetry of this nature. _
moment or be nonmagnetic. The model is defined by the  CGiven that the pairing of electrons occurs in the spin-
effective HamiltonianH = Ho+Hmp, WhereH, describes singlet state, the super_conductmg order paramétarpli-
a BCS superconductSrandH,y, is the contribution due to tude can be expressed in the form
impurities. In the mean-field approximation,

+U; n;(R)n,(R). (1)

At half filling (x=0), the BCS Hamiltoniaid, on a square

F(RD=32 (7)o, (RT1)¥u(R)). (6)

av

Ho= — WX PT(R+1)7¥(R)—u> TI(R)75¥(R)

) R The relation between the order parameter and the gap func-
tion is given by the equation
—2 ARWIR) Y (R), ) A(R)=—UF(R,r=0). R

The on-site pairing interactiob is assumed to be instanta-

whereA(R) is the superconducting gap function and assUMueoys in time. Thus, the energy cutoff in the gap equation is

ing that the pairing of elect_rons oceurs in Tthgz Spin-singletyet by the bandwidth. In our numerical approach, the gap
channel. The operatol (r)=[4y(r) ¢|(r)]" is & tWo-  gqyation is solved self-consistently with a given number of
component Gor'’kov-Nambu spinor,, (a=1,2,3) are the quasiparticle excitations on finite-size lattices with periodic
Pauli matrices for particle-hole degrees of freedom, anig  boundary conditions. In our numerical examples, two lattice

the unit matrix. In a translationally invariant system, the BCSsizes, 3 30 and 40 20, are used. In these calculations, the

Hamiltonian reduces to strength of the interactiob is chosen so that in the absence
of impurities and quasiparticle excitations the energy gap is
N - Ay/W=0.1.
Ho=2 Wilewrs= Aoty ¥, 3

lll. MAPPING TO AN ANTIFERROMAGNET

— _ T T . ~

\évgta(r)? sAi%_rgzilR;nznr?u\)Pn:;n(tfm Sl'/’;éle)s 'a-::?e];g:ggog c;ﬁe uni- The Hamiltonian1) can be transformed to a model where
P y Ve on-site interaction is repulsive. In the case of longer-

i N2 ik-r ;
tary transformation g, (r) =N"""y,e™", whereN is range interactions, Ising-like terms are generated. On a bi-

:P}g :sgggtr-ﬁéisﬁeb?) rlzéheiﬁysiﬁren.siioze? Z?Egreeelﬁte“rce ‘r’\glt;)artite lattice, this is achieved by a particle-hole transforma-
g pping, gle-p 9Y "€%on on the down spins,

tive to the chemical potential in the normal state €g
=— %W(coskxa+coskya)—y; a is the lattice spacing. In a by (1) =y (1),
uniform s-wave superconductor, the energy spectrum of bare ;

. . . . . . r
quasiparticle excitations i§,= \e2+AZ2. Allowing the ex- g (N—=(=1)"¢(r).
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In this transformation, the particle number operator transbecause the coherence length is much longer than the lattice
forms to thez component of the spin-density operator: spacing.éy>a.
n(r)—2s,(r)+1, and vice versa. The Hamiltonian is Since we are interested in low-energy and long-
mapped into wavelength phenomena, the electronic degrees of freedom
can be expressed by slowly varying fielgls ,(x) describing
the left(+) and right (~) moving electrons,

=-1 T _ _
H=—3W 2 iy (RN, (R)+hz 2 s,(r) U (OINE= s (0K (e, (9)

(Rryo
where kg is the Fermi wave vector. Defining the four-
+2UE S,(r)s,(r), (8) component spinor as¥(x)=[®(x) CIDj‘(x)]T, where
' <I>U(x)=[¢+g(x)wi;(x)]T, the BCS Hamiltonian(2) be-
comes

whereh,=U—2u is an effective magnetic field along tlze
axis. Thus, for the Hubbard model, the particle-hole transfor- . .
mation changes the sign of the on-site interactibn Hozf dx YT 0[vep—A(X) 4] (X). (10

The superconductor has(1) symmetry associated with . R
the phase of the order parameter. Because the real and imagire momentum operator ip=—i%i73dy, where vg
nary parts of the order parameter are transformed toxthe =(2ta/#)sink-a is the Fermi velocity. Similarly, the gap
andy components of the spin, a gauge transformation correequation can be rewritten in the fotfn
sponds to a rotation of the spin in thg plane. 1

The particle-hole transformation establishes one-to-one A(x)=— =aU(¥T(x) 7, ¥ (x)). (11)
correspondence between the ground states of the attractive 2
and repulsive Hubbard models. For example, consider thghese equations are formally equivalent to those of the
attractive Hubbard model away from half filling so that the Takayama-—Lin-Liu—Maki modéf which is the continuum
average electron densify) <1 and the average spin density |imit of the SSH model. For example, at zero temperature,
(s)=0. The particle-hole transformation maps it into thethe superconducting energy gaplig=2We * where the
half-filled, repulsive Hubbard model with the effective mag- dimensionless interaction is=Ng|U|; N is the density of

netic fieldh, . Its ground state has a transverse antiferromagstates at the Fermi energy in the normal state. Similarly, the
netic order because in this way the system can lower itgoherence length i§y=7%uvg/A,.
energy by generating a small ferromagnetic component par- |t js now straightforward to determine the nonequilibrium
allel to thez axis. Therefore, in the ground Sta(e,>= 1 and properties of the quasi-one-dimensiorm{/vave supercon-
(s,)<0. Reversing the transformation, the transverse antiferdyctor. In particular, it is obvious that injecting spin-
romagnetic order parameter is mapped to a superconductifgblarized electrons into the system, they form solitons. They
order parameter in the attractive Hubbard model. are topological excitations of the system, acting as domain
Next, consider the attractive Hubbard model away fromwalls between two ground states that differ by the sign of the
half filling but now in the magnetic field so thab)<1 and  order parametenr. A localized quasiparticle state at zero
(s2)<0. This model is mapped by the particle-hole transfor-energy, i.e., a midgap state, is associated with each soliton.
mation to the repulsive Hubbard model away from half fill- The energy of the soliton iEq,=2A,/ and the order pa-
ing. It has a ground state that is described by antiphase d@ameter isA (x) = A ptant (x—xo)/&,], Wherex, is the location
main walls between antiferromagnetically ordered spins. of the center of the soliton. At low densities of injected elec-
By virtue of the partide'hOIe tranSformation, it is clear then trons, Sing|e quasipartide bags may appear. They are coun-
that the attractive Hubbard model with spin-polarized quasiterparts of polarons; thus, also their spatial form as well as
particles has a superconducting ground state where the sieiy energy,Eqp= J2E4,, is known exactly. While in in-
perconducting domains with the opposite signs of the ordepomogeneous superconductors individual quasiparticles may
parameter are separated by antiphase domain walls in@ffuse until they become trapped into defects, they are not

which the excess spin is localized. generic solutions, because at finite concentration of quasipar-
ticle excitations they “phase separate,” forming domain
IV. THE CONTINUUM MODEL walls.

. . . V. ANTIPHASE DOMAIN WALLS
Although we are mostly interested in quasi-two-

dimensional superconductors, it is useful to consider one- While at zero temperature quasiparticle bags are not ge-
dimensional systems where many ideas can be examinatkric excitations of the superconductor, they may appear as
analytically. Indeed, for quasi-one-dimensional systems, #ong-lived states because of defects. This may happen if they
fruitful connection between the BCS and Su-Schrieffer-are injected into the system at a low rate so that they can
Heeger(SSH Hamiltonians can be made. The latter one de-migrate without scattering from other quasiparticle excita-
scribes, for example, conducting polymers where the ordetions long distances before they are trapped to defects. Note
parameterA(x) represents the lattice distortidh.In our  that, in addition to magnetic impurities, a local order-
case, such systems can be organic superconductors or wirparameter suppression caused by nonmagnetic impurities
whose thickness is smaller than the coherence leggtin leads to bound states in the superconducting energy gap, al-
the weak-coupling limit, additional progress is achieved bybeit their binding energies are necessarily sitaffigure 2
considering a continuum field theory, which can be derivedllustrates a situation that is obtained when the quasiparticle
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FIG. 3. (a) The energy gap(b) the spin density, andc) the

FIG. 2. (8 The energy gap(b) the spin density, andc) the . L . . .
density of states of a localized solution of spin-polarized quasiparEjenSIty of states when a finite numkid0) of spin-polarized quasi-

ticles injected into ars-wave superconductor with magnetic impu- particles is injected into ag-wave superconductor. This configura-

rities. This configuration of well separated quasiparticle bags is c)byon is obtained self-consistently on a square lattice with the lattice

tained self-consistently on a square lattice with the lattice spaxcing spacinga, Ao/W=0.1, andu=0. No impurities are present.

Ag/W=0.1, TNgw=0.3, V=0, and x=0. The concentration of o ) . .
quasiparticles and magnetic impurities equals 1%. Heg is invariant under the particle-hole transformation, Eqg.

(5). Consequently, the density of states, depicted in Figs. 2

concentration is small and there are magnetic impurities irand 3, is symmetric relative to the zero energy.
the system. For simplicity, the magnetic impurities are as- For a finite concentration of quasiparticles, it becomes
sumed to be ferromagnetically ordered, producing a maximagnergetically favorable to form domain walls with infinite

trapping potential. The bound quasiparticle states yield twdength; see Fig. 4. This allows all the quasiparticles to oc-
peaks in the density of states, cupy the midgap states. These states can be viewed as origi-

nating from Andreev reflection. Domain walls may become
1 pinned to defects either because the defects have a magnetic
- . c+ moment or because the defects suppress the order parameter
Mo) 277,2(, IM Gyolrurw+i07), (12 locally, and this local suppression then pins a domain wall.
In the case of extended defects, domain walls may find it
in the energy gap. The oscillations M w) for |w|>A, are  preferable to wind through these defects.
due to the finite-size effects. All the quasiparticle and domain-wall textures are charge
With an increasing quasiparticle concentration, individualneutral when the system has particle-hole symmetry at the
guasiparticle excitations become unstable towards a spontéermi energy. In this regard, quasiparticle bags can be de-
neous formation of antiphase domain walls. This tendency iscribed as spinori€,because they carry spin but no charge.
depicted in Fig. 3, where the number of quasiparticles is noOn a square lattice with the nearest-neighbor hopping, this
large enough to form a domain wall that would extend all thehappens exactly at half fillingu{=0). However, if particle-
way through the system. Instead, a closed domain-wall loopole symmetry at the Fermi energy is broken, self-
is formed. Because the order parameter changes sign acramsnsistently determined quasiparticle configurations usually
the domain wall, there are midgap states. The finite length oficquire charge, because they are a linear combination of
the domain wall leads to the level repulsion yielding theplane-wave states with an energy spréacd-fuv /£, about
density of states that has a minimum at zero energy. As ththe Fermi energy. Similarly, away from half filling, the do-
system is half filled and either there are no impurities or theirmain walls become charged, although their total charge per
moments are parallel to each other, the effective Hamiltoniamnit length can be quite small. This feature is naturally un-
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VI. OPTICAL ABSORPTION

@ The optical absorption provides a specific probe to vari-
ous inhomogeneous states of nonequilibrium superconduct-
ors. The optical absorption is the real part of the complex
conductivity o, ,(w) =Re oap(w) (a,b=X,y), where

1 ne?
O'ab(a)): - Aab(qZO,w-i- |0+) + _*5ab . (13)
lw m
0.10 Iii/’i;;"'a,,,,,, The ratio between the density of charge carriers and their
005 2 ;;fl;fl;;;;;iflf;’;"};;;;;{" (b) effective mass is defined agm* = —a?(H,;,)/2, whereH ,
z Ly is the kinetic-energy part of the Hamiltoni&h The current-
w000 current correlation function is given by the formula
~0.05

/0 Aap(a,)=—(Tja(q,D)jp(—0,0)), (14

and its Fourier transform is

(C) 1~ i wt
Aan(g, @)= . dt €' Agp(a,t). (15
The current operator in the Heisenberg picture is defined as
ja(Q:t):elHtja(Q)eilH[, where
[ .
g ja()= zeaWS, WI(R+r )7 W(RIe o7 (16
“/8 47 R/

FIG. 4. () The energy gap(b) the spin density, andc) the It is useful note that optical absorption obeys the sum rule

density of states in ars-wave superconductor with 5% spin-
polarized quasiparticles. The antiphase domain-wall configuration w

is obtained self-consistently on a square lattice in the presence of J do ol (w)=
nonmagnetic impurities with the lattice spaciagA,/W=0.1, u 0
=0, 7NgV=0.3,w=0, andn;,,=2%.

T ne?

> (17)

It is a quantity describing any state that is linearly perturbed

by the electric field. Typically, it is associated with the equi-

derstood by considering the repulsive Hubbard model with aibrium state. For nonequilibria states, such as the domain

finite effective magnetic field that induces a small longitudi-walls and quasiparticle bags, the sum rule must be modified.

nal ferromagnetic component. In the superconductor, this Inthe normal state, the optical conductivity has the Drude

component is equivalent to a nonzero charge density. In corform

trast, bare quasiparticle excitations at the Fermi surf&ce (

=kg) behave as spinons irrespective of the energy spectrum ne?r 1

in the normal state. oo(w)= ™
Finally, consider the stability of domain-wall solutions

against a formation of isolated quasiparticle bags. Their enghere =1 is the scattering rate due to the impurities. In the

ergies per particle can be computed numerically. In two di4imit of dilute concentration of impurities, it can be approxi-
mensions, the energy of a vertical domain wall per particle isnated as

estimated a&,,,~0.66A, and the energy of a quasiparticle

bag asE,,=0.861,. These estimates are in agreement with

those computed in the antiferromagnetic system for vertical T
domain wall$® and spin polaron&’ Thus, approximately at

the temperaturd@, ~A/5 a considerable fraction of domain where is the phase shift fos-wave scattering and,, is
walls begins to evaporate forming isolated quasiparticleéhe impurity concentration. For pointlike impurities, the scat-
bags. It is interesting to compare this temperature with théering phase shift is obtained from the equationdeat,
critical temperature of the superconductor, whichTis  where c=(#NgV) ™1, for nonmagnetic impurities, and
~Ay/2. Thus, there is a sizable temperature regime bdlpw =(mNgw) 1, for magnetic impurities. Below, as a refer-
where most of the excitations appear as isolated quasiparticence, the numerically determined optical conductivity in the
bags. At low enough temperatureEsT./3, domain-wall presence of randomly distributed impurities in the normal
textures are thermodynamically favored over nontopologicastate (\,=0) is also shown. It is well describ&dby the
guasiparticle configurations. Drude form, Eq.(18).

Tw) +1’ (18)

_1_2nimp .

Sirés, (19

B 7TN|:
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FIG. 5. Optical absorptiomr,,(w) in ans-wave superconductor FIG. 6. Optical absorptiowmr,(w) in ans-wave superconductor

in the presence of quasiparticle excitations forming a domain-walwith 5% nonmagnetic §NzV=0.4) and magnetic Nzw=0.4)

lattice and localized quasiparticle bags. The concentration of quasimpurities in the absence of quasiparticle excitations. The ground-
particles in both cases is 1%. These configurations are obtainestate configuration is obtained self-consistently in one dimension
self-consistently in one dimension fax,/W=0.1, x=0, w=0, for Ag/W=0.1 andu=0. The dashed line denotes the optical ab-
and 7NgV=0.2. The concentration of nonmagnetic impurities is sorption (Drude-like) obtained in the normal stateA(=0). All
Nimp="5%. The dashed line denotes the optical absorptiznude-  three spectra are computed on a chain with 400 sites and averaged
like) obtained in the normal stateA(=0). All three spectra are over 40 random impurity realizations, including the orientation of
computed on a chain with 400 sites and averaged over 40 randoimpurity moments S,= =* Se;.

impurity realizations.

VII. FINAL REMARKS

. Based on both analytical and numerical approaches, we

In_ t_he superconductor, the zero-temperature optical COMave demonstrated thatwave superconductors driven away
ductivity typically has a threshold of/&, due to the super- ¢, equilibrium exhibit interesting topological textures.
conducting energy gap in the electronic spectrum at thepey gevelop as quasiparticles in nodeless superconductors
Fermi energy. Quasiparticle bags and antiphase domaigegregate forming antiphase domain walls in the supercon-
walls introduce states within this energy gap that can be usegucting order parameter and in this manner induce low-
as a characteristic signature of them. Figure 5 illustrates thgnergy excitations into which quasiparticles relax. Their in-
optical absorption when the injected quasiparticles form eihomogeneous structure has clear experimental implications.
ther isolated bag states pinned to nonmagnetic impurities dFor example, a nonuniform spin density associated with do-
domain walls. In the former case, the absorption has a veryhain walls should be accessible to any probe that is sensitive
large feature at low energies that comes from the excitatioto a spatially varying magnetization. Moreover, optical ab-
processes from the localized bag states to states above thesorption provides another unambiguous tool for exploring
Because the order-parameter suppression occurs on thigese textures.
length scale determined by the coherence length, it acts as an We have assumed that the lifetimg of the quasiparti-
attractive potential with a finite range that can bind states ircles in the excited state is much longer than the scattering
the energy gap. Thus, in addition to the state occupied by thiéme 7, so that a metastable state is reached. This will require
quasiparticle, the order-parameter relaxation may admit adhe use of spin-polarized quasiparticles, which may not al-
ditional discrete states just below the energy gap. Transitionways be feasible. A qualitatively similar situation may be
between these states have a very large oscillator strengtbreated by maintaining a steady state of unpolarized quasi-
There are also additional peaks at higher energies but beloparticles by continuously pumping quasiparticles into excited
2A, due to the pair-breaking processes where quasiparticlestates. Even though a genuinely metastable state may not
are created in the discrete states in the energy gap. The paitevelop because, ~ 75, the fact thatr, can be many orders
breaking processes across the energy gap give the usuafl magnitude longer than the time scale associated with the
broad feature at&,. In the case of domain walls, the optical superconducting energy g@pgA, suggests that some of the
absorption begins at Ay due to the midgap states. One canfeatures explored here may actually be relevant for such
therefore clearly distinguish between these two nonequilibstates, too. Time resolved techniques are an ideal tool to
rium states based on the optical absorption. probe their properties.

Impurities yield a quite different absorption spectrum in ~ While in gapless superconductors, such ag-wave su-
the absence of quasiparticle excitations; see Fig. 6. Nonmagerconductors, it is no longer clear that quasiparticle excita-
netic impurities produce a spectrum that has a clear thresholibns will lead to antiphase domain walls, various external
near 2\, and a peak, whereas magnetic impurities yield adefects that suppress the order parameter may locally favor a
relatively smooth absorption profile that may extend deepphase shifi{cf. Ref. 23. Such textures may appear in mag-
below 2A,, depending on the coupling strength betweennetic superconductors with static spin-density-wave ordering
electrons and impurity moments. For a high enough concenwhere the phases of the magnetic and superconducting order
tration of magnetic impurities, the superconductor becomeparameters intertwine to form a new collective state with
gapless and the absorption will begin at zero energy. midgap quasiparticle states.



57 INHOMOGENEOQOUS STATES OF NONEQUILIBRIUM . .. 14 439

ACKNOWLEDGMENTS ductor. This work was supported by the NSF under Grants
We would like to thank S. Kivelson for the interesting Nos.tle\/Iéi '9527032 ang D'\QF\;\;%SQEgﬁéobg ;TE%‘Z'S?EDMZ
suggestion that a ferromagnetic metal could be used to cre enh OM ner%y gn _ﬁ: ranP 0. D& L -AI »an
and inject spin-polarized quasiparticles into a supercon?y the Many-Body-Theory Program at Los Alamos.

1L. R. Testardi, Phys. Rev. B, 2189(1971). 13H. J. Schulz, J. PhygPari9 50, 2833(1989.

2G. A. Sai-Halasz C. C. Chi, A. Denenstein, and D. N. Langen-14J. A. Verges, E. Louis, P. S. Lomdahl, F. Guinea, and A. R.
berg, Phys. Rev. LetB3, 215(1974). Bishop, Phys. Rev. B3, 6099(1991).

P. Hu, R. C. Dynes, and V. Narayanamurti, Phys. Revi® 153 Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. R68,
2786(1974. 1175(1957.

“I. Iguchi, Phys. Rev. BL6, 1954(1977). 16W.-P. Su, J. R. Schrieffer, and A. J. Heeger, Phys. Rev. 4aft.

5J. Fuchs, P. W. Epperlein, M. Welte, and W. Eisenmenger, Phys. 1698(1979.

6 Rev. Lett.38, 919(1977. i 7For simplicity, in this sectionr; denotesr;®1, which is a block-
R. C. Dynes, V. Narayanamurti, and J. P. Garno, Phys. Rev. Lett. ) s o
39, 229 (1977. diagonal matrix equal to,{ ;1).

7J. R. Schrieffer and D. M. Ginsberg, Phys. Rev. L&t.207  *®M. Takayama, Y. R. Lin-Liu, and K. Maki, Phys. Rev. BL,
(1962. 2388(1980.

8S. B. Kaplan, C. C. Chi, D. N. Langenberg, J. J. Chang, S. Ja!°M. I. Salkola, A. V. Balatsky, and J. R. Schrieffer, Phys. Rev. B
farey, and D. J. Scalapino, Phys. Revl1& 4854(1976. 55, 12 648(1997).

%S, A. Kivelson(private communication 20w, P. Su and X. Y. Chen, Phys. Rev.3B, 8879(1988.

105, A. Kivelson and D. S. Rokhsar, Phys. Rev.4B, 11 693 2lIn one dimension, the actual conductivity does deviate from the
(1990. Drude form at low energies because of localization. However,

A R. Bishop, P. S. Lomdahl, J. R. Schrieffer, and S. A. Trugman, since in our examples describirgwave superconductors the
Phys. Rev. Lett61, 2709(1988. optical conductivity vanishes below a small energy scale, this

12p, Coffey, L. J. Sam, and Y. R. Lin-Liu, Phys. Rev.38, 5084 deviation from the Drude behavior is not shown.

(1988. 223 .C. Zhang, Scienc275, 1089(1997).



