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In this paper a brief overview of anomalous behavior resulting from the two-gap superconductivity /ia

is given. We focus on two characteristic effects: an anomalous enhancement of the upper critical field by
nonmagnetic impurities and nonequilibrium interband phase textures which appear as a result of interband
breakdown caused by electric field. Both effects distingui$hB. from the existing low?. and high?-.
superconductors.

1 Introduction fields H(0) ~ 3 — 5T and H!,(0) ~ 15 — 19T of MgB,

single crystals [3, 10], wheré and|| correspond td1 per-
The discovery of the two-gap superconductivityify B [1, pendicular and parallel to the ab plane. As farfas is

2, 3] (and perhaps itVbSe, [4]) has brought to focus new  concerned, it can be increased by nonmagnetic impur
effects of unconventional pairing and multicomponent order following the well-known route for dirty one-gap supercc
parameters) with internal degrees of freedom [5, 6]. In  ductors in which the zero-temperatui, (0) and the slope
particular,M g By has two different s-wave superconducting H’, = dH.,/dT atT, are increased proportionally to tt
gapsA,(0) = 7.2mV andA,(0) ~ 2.3mV residingondis-  normal state residual resistivigy

connected sheets of the Fermi surface (FS), which comprises
nearly cylindrical 2D parts formed by in-plameantibond-

ing p,, orbitals of B, and a more isotropic 3D tubular net-

Heo(0) = 0.69T.H.,, H!, =4eckpNpp/m, (1)

work formed by out-of-plane bonding and antibonding,

where N is the density of states at the FS and is the

orbitals of B. For two weakly coupled s-wave order param- electron charge. The same approach has also been a

etersy, = Are?t andyy, = Age'??, the internal degree of
freedom is the interband phase differed¢e, t) = 6, — 6s.
In this case, in addition to the phase-locked states (), 7),

to M gBs in which scattering was introduced by irradiati
or atomic substitutions on both B and Mg sites [3]. |
instance, in c-axis oriented/ gBs films [11], p was in-
creased from~ 1u2cm to more thar200u2cm, resulting

peculiar phase texturégr, t) and collective modes [5] oc-
cur. in H,, ~ 1T/K and Hézu ~ 1.8T/K, while reducing?.

This paper addresses new electromagnetic effects, whicidown to~ 31K. Based on these numbers, the extrap
principally result from the two-band superconductivity, tion (1) givesHz(0) ~ 20T, still below H.3(0) ~ 30T of
making M g B, unique among the existing superconductors. Nb3zSn. However, Eq. (1) significantly underestimates
Such effects manifest themselves in the following areas: 1.actualH., in two-gap superconductors, thék, of MgB,
High-field superconductivity in dirty two-gap superconduc- can exceed.»(0) of Nb3Sn even forH/,, ~ 1T/K which
tors due to their anomalous response to nonmagnetic im-have already been achieved[11, 8].
purities. [7] This makes it possible to greatly increase the  The Fermi surface a¥/ g B, provides three different im
upper critical fieldH ., by alloying M ¢gB> and optimizing purity scattering channels: intraband scattering withand
the ratio of intraband scattering rates, as has already beerr FS sheets, and interband scattering. Intraband scatt
observed. [8] 2. Interband tunneling and intrinsic Joseph- reduces the intrinsic anisotropy Af, andA . with no effect
son effect, which give rise to dislocation-like phase textures of 1., while the pairbreaking effect of interband scatter
in the order parameter, and interband breakdown caused bys weak due to orthogonality af andr orbitals[12]. The
the electric field. [9] These textures manifest themselves inmultiple scattering channels provide the essential flexib
new effects in nonlinear electromagnetic response. to increase théi ., of M gB; to a much greater extent th:
in one-gap superconductors not only by the usual increa
p, but also by optimizing relative weights efandr scatter-
ing rates by selective atomic substitution on B and Mg si
This follows from recent calculations df ., from the Us-
adel equations in which all scattering channel34p B, are
accounted for via the electron diffusivity tensag® for
each m-th FS sheet and the interband scattering faigs.

2 High-field superconductivity

So far all attempts to increagé of M gBs by doping have
been unsuccessful, while the significant potentialtj B,
for applications is still limited by rather low upper critical
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The Usadel equations for two-gap superconductors are: [7] measurements df .o(7") on resistive220u{2em c-axis ori-
ented film [8], which has very high/ ., (T) exceedingH .o

wfi — =D QT f1 — iVaVag] = of Nb3Sn. The fitin Figs. 2 and 3 also revealed that the
1= g DUl Mallsf = AVe Va0l band is this film is much dirtiefD, ~ 0.1D,) than thes
V1g1 +712(91f2 — 92./1) (2)  band, which may be due to distorted and buckled Mg sub.
1 o lattice [16].
wfa — §D2ﬂ[92ﬂaﬂﬁf2 — faVaVpga] = atiice [16]
Yag2 +721(92f1 — 91f2), 3)
Egs. (2) and (3) are supplemented by the self-consistency 35
equations for the order parameters = A, exp(i6,,), (®)
L MgB ]
wp 30 g H Oab
/ HQ cm
Y = 20T Z Z /\mm’fm’ (I‘, w): (4)
25t :
w>0 m
Here|f,.|? + g2, = 1, the band index m runs from 1 and %‘ 20(A
2, N, is the partial density of stateBl = V + 21iA /¢y, =
A is the vector potentiakp, is the flux quantum, and = DI% 15}
7T (2n + 1), n = 0, £1, ..., and the matrix elements of the
BCS coupling constants,,,,,,, are given by\,, ~ 0.81, 10}
Arr & 0.285, A\pr ~ 0.119, and Az, ~ 0.09 [13] (the in- 7uQ cem
dices 1 and 2 correspond toandr bands, respectively). 5/ MgB, single crystal A
The Usadel equations were recently used to calculate vor- ~ [=====- L
tices in M gB,.[14] The values ofy,,,,» and D&? can be 0 . . Bl LT
0 10 20 30 40

either calculated from first principles or extracted from the
observedH »(T') andp(T) curves [7]. For the 20y band,
the principal valueD" along the c-axis is much smaller

than the in-planeDga) and DY, but the anisotropy iD? Figure 1. Temperature dependencer;(T). The data points
for the 3D7-band is much weaker. show experimental data for dirt20.Qcm film and epitaxial

Solving Egs. (2)-(4) [7, 14] fof,m = 0, yields the Mng(fiIEn [8], and( tr;e solid curve is calculated from Eq. (5)
. ) ) . ab ab
following equation forf : with D™ = 0.12D5°.

T, Kelvin

apl[lnt + U(h/t)][Int + U(nh/t)] +
aslnt + U(nh/t)] + ai[lnt + U(h/t)] =0, (5)

wherea; = 1 + )\,//\0, ay = 1— /\,//\0, ag = 2w/)\0,

Ao = (A2 + 44X 1220002, A = Aig £ Aao, w = Ao —
M2A21, 1 = D2/D1, h = HeDi/2¢0T., t = T/Te,
andy(z) is the di-gamma function. For equal diffusivities,

n = 1, Eq. (5) reduces to the one-gap Maki-deGennes equa-
tionInt + U(h/t) = 0. To account for the dependence of
H_.,(0) on the angle betweeH and the c-axisD; and D,

in Eq. (5) should be replaced by the angular dependent dif-
fusivities D, (6) and Dy (6) for both bandg7]:

Dy (0) = [DX92 cos? 0 + DY DO sin? 0]/ (6)

Egs. (5) and (6) describe a rather anomalous behavior,
depending on the material parameter= D, /D which
can be varied by disordering either B or Mg sublattices. In
the case of large difference betweén and D5, the de-
pendenceH .»(T") can exhibit a significantipward curva-
ture, because the slopf/, atT. is inversely proportional to  Figure 2. Temperature dependencerdf,(T). The data points
the maximumdiffusivity, while H.,(0) is inversely propor-  show experimental data for dirtg20uQcm film and epitaxial
tional to theminimumdiffusivity. Thus,H,(0) canbe much ~ MgBs: film [8], and the solid curve is calculated from Egs. (5)
higher than the one-gap extrapolation (1) suggests. Figs. 1and () with[D{” D{*"11/2 = 0.2[DS D{™/2.
and 2 show good fit of Egs. (5) and (6) to pulse high-field

0 10

20
T, Kelvin
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For M ¢gB,, the tensorA;g is a sum of the diﬁusivitiestﬁ

andDSﬁ with markedly different anisotropies and absol
values. ThusA,gs is always limited by the cleanest ba
with the maximumdiffusivity, so the ratioH.;(0)/H.2(6)
not only becomes dependent on the field orientation, bt
angular dependence turns out to be different at different
The two-band superconductivity ifd g By provides a
new way to boos# .2, because a highdi .2 (0) is possible
3t ] for a given sloped, atT.. For example, itH., = 1T/K
andT. = 40 K, the theory predicts »(0) >40 Tesla,

O
c2 ¢c2

HIH

2. . . .
° which exceeddi.5(0) of NbsSn, even thoughH/, is still
2 2 T smaller than 2 T/K characteristic of many Idli-and high-
1_54-"‘:A R & ] T. materials. FotH, = 1T/K, the shortest GL in-plan
coherence length(0) = [¢o/27T.H.,]'/? ~ 3 nm for the
%o 02 0.4 06 0.8 1 o band is still large enough to ensure no significant
TIT, netic granularity and weak link behavior at grain boundat

Thus, there are no inherent limitations to further incre
Figure 3. Temperature dependence of the anisotropy parameteff H, toward the high#. level of 2 T/K by proper alloy-
H,(T)/Hz5(T). Solid squares and empty triangles correspond ing or by quenched-in lattice disorder igB, with the
to the dirty220uQcm and the epitaxial g B film, respectively. account of its complex substitutional chemistry. [17] |

The curve 1 is calculated from Egs. (5) and (6) Wi = H!, ~ 2T /K, the field H.»(0) would approach the paran
36D, andD'™ = 505", and curve 2 foD{"” = 0.09D5"?, agnetic limit of~ 70 Tesla, in which case a more gene
andD{*” = 3D Eliashberg theory should be used to include strong couj

Egs. (5) and (6) also describe an unusual temperaturea‘nd spin effects.

dependence of the anisotropy parametef) = H(‘JQ/HCL2
different from the predictions of the anisotropic one-gap GL L. .
theory in whichy(T) =const. Because the 20band in 3  Intrinsic Josephson effect and inter-

MgB; results inD5” /Dy < DY /DI, 4(T) can ei- band phase textures
ther increase as T decreased)df > D,, or decrease as

T decreases iD, < D,. The first case is characteristic of To calculate the interband phase textuiés t), we derive
cleaner samples [10], whereas the second case was observefl, equations of motion fof and the electric fielde at

ondirty films, as shown in Fig 3. The anisotropy of the lower  _ from the time-dependent Ginzburg-Landau (TDC
critica_ll field H.1(T) is different from _that ofH 2(T) [15_], equatibnsrm((’)t — 9mcip/do)m = —0F/50 . Herey
as e\/_lder_1t f_rom-the London penetration depth tersgy in is the electric potential;',,, are damping constants, and t
the dirty imit [7]: free energyF’ = j d3r(f1 + fo + fm + fine) CONtains the

A2 magnetic partf,, = |V x A|?/8r, the GL intraband par
-2

. A . A .
A= = (NlDlﬁAlthQ—T1 + NgDzﬁAzthQ—;). ) fm, and the interband energy,,;:

]

2

o = onltinl? 4 5l | (94 2 A) 0 ®

®o
fint = y(1¢5 + ¥i1b2) /2 = yA1 Az cos ), 9)
|
The current density is a sum of supercurrent and the nor- For weak interband coupling; < a1 2, the gapsA »
mal current, are not affected by the phase textures, in which case
eqguation of motion fof = 6; — 6, become [9
J, = —8m2c(qA2Qu + AYQa) /63 + 0B, (1) Y 1o o]
whereQ,, = A — ¢yV#0,,/2r, o is the normal conductiv- 790 = L2V20 + sign(v) sin 0 + apdivd,,  (11)

ity, and the supercurrent is a sum of independent intraband
contributions. Static Egs. (8)-(10) were also derived from where the relaxation timey, the decay lengttLy, and the
the microscopic Usadel equations [7]. charge coupling parametery are given in Ref. [9]. As
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follows from Eq. (11), the#-mode does not contribute to
the static magnetic response, sinceJdiv= 0 for any dis-
tribution of bulk supercurrents. However, thanode inter-
acts with a nonuniform electric field due to nonequilibrium
charge imbalance, diy = —odivE. This happens near the

normal current leads, where the difference in the injected in-

traband charge densities provides the driving teydivE

in Eq. (11) due to the bands asymmetBg, # T'2g;.
Static distribution® are described by the sine-Gordon equa-
tion L2V20 = sign(—v) sin#, which has a single-soliton
or staircase solutions similar to the vortex solutions in long
Josephson contacts [18]. However, théssolitons differ

from the Josephson vortices, because they do not carry mag-

netic flux and do not interact with magnetic fields and su-
percurrents, but can be driven by a nonequilibricharge
densityinjected from normal electrodes. Thus, equilibrium
nonuniform solutiond(x) are always energetically unfa-
vorable as compared to the phase-locked st#tes,0 for

v < 0, orm for v > 0, yet dynamic or quenched phase

703

current leads and penetration of phase textures in the bull
as shown in Figs. 5,6. Hetg = 2Ly /g for Ly > L., and
Ji = L. /g tanh(a/L.) for Ly < L. [9].

0.5
Distance

0 0

Figure 5. Formation of a soliton chain in the right h@lf< z < a)
of the bridge of length 2a aftei(¢) was turned on fronD to

textures can be generated during current-induced interband.025J; att = 0, andL. = a/10, Ls = 0.1L.. Times and

breakdown.
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Distance

Figure 6. Moving soliton shuttle in the right half of the horizontal
leg (0 < x < a) in the four-terminal geometry shown in Fig. 4c.
J(t) was turned on from 0 td.012.J; at¢ = 0, and the rest is the

Figure 4. Geometries in which the interband phase breakdownsame as in Fig. 5.

could occur. Here N labels normal electrodes, gray domains show
hase solitons moving along thin arrows, and block arrows indicate .
Eurrent directions. Stgatic p?lase texture’s form in microbridges (a) . Egs. .(11) and (12) were solved numerically for the
and point contacts (b), while in the four-terminal geometry (c) the bridge (Fig. 4a) wheré(z,t) andf(x,t) are even and odd
solitons and antisolitons continuously annihilate in the center. functions of x, respectivelyZ(+a,t) = Ey, E'(0,t) = 0,
0(0) = 0, 6'(+a,t) = 0, and supercurrents in both bands
vanish at the normal electrode$,= oFE. In this cas&f-
solitons first appear at the bridge edges, but.for- J;,
they are pushed to the bulk by the strong gradient 6f).
Then the next soliton forms near the edge and the processr
peats periodically, resulting in the propagation of two soliton
chains from the opposite current leads as shown in Fig. 5
After the first two solitons in the chains collide in the center
they stop, while new solitons keep entering the bridge. Dur-
ing this soliton pileup, the mean slof&t) increases, reach-
ing a critical valued’, ~ ayJ/L2 (for J > J;) at which
the soliton generation at the edges stops and a static textu
forms. During the soliton penetration< ¢, ~ rgae_’c/%r,
a transient resistance and voltage oscillations are generate
A similar behavior occurs at the point contact (Fig. 4b),

The equation foE has the form [9]

.E 4+ E — L%graddiE + .V = 7. /o, (12)

whereJ(¢) is the driving current density,. is the electric
field penetration depth. is the charging time constant ob-
tained in Ref. [9], and the coupling term V6 describes an
electric field caused by moving phase textures.

Egs. (11) and (12) which describe nonlinear electro-
dynamics of a two-gap superconductor at fixed gaps
were used to calculat®(x, t) in a current-carrying micro-
bridge of length2a (Fig. 4). Below the critical current
density J; the bridge is in a phase-locked state, except lo-
calized phase kinks at the edges. For J;, the interband
breakdown causes periodic generatiod-gblitons near the
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in which concentric soliton shells propagate into the bulk, the rf electric fileldE depends on the polarization &f. if
forming a static structure. E(¢) is parallel to the sample surface, thenHi¥ 0, thus

A very different kind of soliton dynamics occurs in the the phase mode is not excited by the rf field. However,
4-terminal geometry (Fig. 4c), for which currents flow in #-mode contributes to the rf impedance if the rf field ha
the opposite directions, makir§)° turns around the cen- ~component perpendicular to the sample surface.
tral stagnation pointz = 0) whereVé = 0 by symmetry. Other interesting effeqts cquld occur in the point con
In this caseE(z) is an odd functions of x so the driving 9eometry (Fig. 4c) in which high current densitiés~ .J;
charge density dig does not change sign along the hori- Near the contact (for example, an STM tip) can be achie
zontal leg of the cross in Fig. 4c, the total charge along !f the tip is perpendicular to the film surface of a c-a
the horizontal leg is compensated by the opposite chargeoriented film, then it mainly injects current into the 3D
distributed along the vertical leg. The asymmetryFifr) band, because the c-axis tunneling into the 2band is
causes generation of solitons and antisolitons at the oppoStrongly suppressed. The resulting strong charge imbal
site current leads, which then move toward the center of thePetweenr andr bands greatly facilitates generation of ce
cross where they annihilate, as shown in Fig. 6. Such con-centric soliton structures, which can be used to probe

tinuous soliton motion takes p|ace if the Wldﬂa of the ver- interband breakdown with p0|nt contacts. If the currents
tical |eg is grea‘ter than the W|dﬁhl of the hdrizonta' |eg, Slmultaneously |nJeCted from two pOII’lt contacts and drai
so that the current density in the horizontal [Bgv, ex- into another current lead, the periodic voltage oscillati

ceedsJ;, while the vertical leg remains in the phase-locked between the contacts occur in a way similar to the ab
stateI/w, < .J;, where | is the total sheet current. For described oscillations in a mictobridge.

a > L., the soliton-antisoliton annihilation in the centeris  This work was supported by the NSF MRSEC (DN
unaffected by the charge imbalance near the current leads. 9214707), AFOSR MURI (F49620-01-1-0464).
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