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In this paper a brief overview of anomalous behavior resulting from the two-gap superconductiVity fita
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 distinguishB:2 from the existing low?Z. and high7.

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 superconductivitylify Bs[1, pendicular and parallel to the ab plane. As farfas is

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

connected sheets of the Fermi surface (FS), which comprises

nearly cylindrical 2D parts formed by in-plameantibond- He2(0) = 0.69T.H.,, H!, = 4deckpNpp/m, (1)
ing p., oOrbitals of B, and a more isotropic 3D tubular net-
work formed by out-of-plane bonding and antibonding, where Ny 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 applie
etersy; = A€’ andi, = Agei??, the internal degree of  to M gBs in which scattering was introduced by irradiation

freedom is the interband phase differefi¢e, t) = 6; — 0. or atomic substitutions on both B and Mg sites [3]. For
In this case, in addition to the phase-locked states (, 7), instance, in c-axis oriented/gB- films [11], p was in-
peculiar phase texturéir, ¢t) and collective modes [5] oc-  creased fromv 1x£cm to more thar200u£2cm, resulting
cur. in H,, ~ 1T/K and H/,, ~ 1.8T/K, while reducingT,

This paper addresses new electromagnetic effects, whicrdown to~ 31K. Based on these numbers, the extrapola-
principally result from the two-band superconductivity, tion (1) givesHz(0) ~ 20T, still below H.»(0) ~ 30T of
making M ¢ B, unique among the existing superconductors. Nb3Sn. However, Eq. (1) significantly underestimates the
Such effects manifest themselves in the following areas: 1.actualH., in two-gap superconductors, thig, of MgB,
High-field superconductivity in dirty two-gap superconduc- can exceedl.»(0) of NbzSn even forH, | ~ 1T/Kwhich
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 differentim-
upper critical fieldH ., by alloying M gB> and optimizing purity scattering channels: intraband scattering withand
the ratio of intraband scattering rates, as has already beemr FS sheets, and interband scattering. Intraband scattering
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 T, while the pairbreaking effect of interband scattering
in the order parameter, and interband breakdown caused bys weak due to orthogonality of and orbitals[12]. The
the electric field. [9] These textures manifest themselves in multiple scattering channels provide the essential flexibility
new effects in nonlinear electromagnetic response. to increase the{., of M gB, to a much greater extent than
in one-gap superconductors not only by the usual increase of
p, but also by optimizing relative weights efandr scatter-

2 High-field superconductivity ing rates by selective atomic substitution on B and Mg sites.
This follows from recent calculations df., from the Us-

So far all attempts to increade of M gB5 by doping have  adel equations in which all scattering channelg4g B, are

been unsuccessful, while the significant potentialj B accounted for via the electron diffusivity tensapg” for

for applications is still limited by rather low upper critical each m-th FS sheet and the interband scattering taigs.
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The Usadel equations for two-gap superconductors are: [7] measurements dfl .o (T") on resistive220uQ2cm c-axis ori-

1 o
wfi — §D1B[91Hanﬁf1 — fiVaVggi] =

191 +7112(91f2 — 92.f1) (2
wfs = 5 D5 g2 Malla o — £2VaVa02] =
Pag2 + v21(92f1 — 91.f2), 3

Egs. (2) and (3) are supplemented by the self-consistency

equations for the order parameters = A,, exp(i6,,),

¢m = 27T Z Z )‘m’rn’ fm’ (I‘, w)7 (4)

w>0 m

Here|fn|? + g2, = 1, the band index m runs from 1 and
2, N, is the partial density of stateFl = V + 2miA /¢,
A is the vector potentialpg is the flux quantum, and =
7T (2n + 1), n = 0, £1, ..., and the matrix elements of the
BCS coupling constants,,.,,, are given by\,, ~ 0.81,
A /2 0.285, A\or /=~ 0.119, and A, ~ 0.09 [13] (the in-
dices 1 and 2 correspond toandw bands, respectively).

The Usadel equations were recently used to calculate vor-

tices in M ¢gBs.[14] The values ofy,,.,,» and D?,F can be
either calculated from first principles or extracted from the
observedH »(T") andp(T") curves [7]. For the 2I» band,

the principal vaIueDgc) along the c-axis is much smaller
than the in-planst,“) and DY, but the anisotropy iD2?
for the 3D7-band is much weaker.

Solving Eqgs. (2)-(4) [7, 14] for,,..» = 0, yields the
following equation forH 5:

ag[lnt + U (h/t)][Int + U(nh/t)] +
az[lnt + U(nh/t)] + ai[lnt + U(h/t)] = 0, (5)
wherea; = 1 + )\_/)\0, as = 1— )\_/>\Q, ag = 2w/)\0,
Ao = (A2 +4X12201) Y2, A = A1 £ oo, w = A han —
)\12/\21, n = Dg/Dl, h = Hc2D1/2¢0TC, t = T/TC,
andi(z) is the di-gamma function. For equal diffusivities,

n =1, Eq. (5) reduces to the one-gap Maki-deGennes equa-

tionlnt + U(h/t) = 0. To account for the dependence of
H»(6) 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 D4 () for both bandg7]:

Dm,(e) = [D(a)2 COS2 0+ D(G)D(C) sin2 9]1/2

m m m

(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 D, the de-
pendenceH »(T) can exhibit a significantipward curva-
ture, because the slog&, atT, is inversely proportional to
the maximumdiffusivity, while H.»(0) is inversely propor-
tional to theminimumdiffusivity. Thus,H.»(0) can be much

ented film [8], which has very highl..(T") exceedingH ..

of Nb3Sn. The fit in Figs. 2 and 3 also revealed that the
band is this film is much dirtie(D, ~ 0.1D,) than theo
band, which may be due to distorted and buckled Mg sub-
lattice [16].
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Figure 1. Temperature dependencelff;(T). The data points
show experimental data for dirt920uQcm film and epitaxial
MgBs- film [8], and the solid curve is calculated from Eq. (5)

with DY = 0.12DY.
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Figure 2. Temperature dependenceHbcli’2 (T"). The data points
show experimental data for dirt920uQcm film and epitaxial
MgBs; film [8], and the solid curve is calculated from Eqgs. (5)

higher than the one-gap extrapolation (1) suggests. Figs. 1and (6) with[D{” D{*?11/2 = 0.2[DS DS1*/2.

and 2 show good fit of Egs. (5) and (6) to pulse high-field
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6 : ‘ : : For MgB,, the tensor\ 7 is a sum of the diffusivities);"”’
55¢ andD;’ﬁ with markedly different anisotropies and absolute
sl values. ThusA,g is always limited by the cleanest band
with the maximumdiffusivity, so the ratioH., (0)/H.2(0)
4.5 not only becomes dependent on the field orientation, but its
al angular dependence turns out to be different at different T.
E'f The two-band superconductivity it g B, provides a
=3 33 new way to boosf{ .., because a highdi.»(0) is possible

3t ] for a given slopef/, atT.. For example, ifH., = 1T/K
and T, = 40 K, the theory predictdd.5(0) >40 Tesla,

20 which exceedd{.»(0) of Nb3Sn, even thought/, is still
2 2 . w ] smaller than 2 T/K characteristic of many Id-and high-
o R A ] T. materials. ForH/, = 1T/K, the shortest GL in-plane
L0 coherence length(0) = [¢o/27T.H,]'/? ~ 3 nm for the
L 02 04 06 08 1 o band is still large enough to ensure no significant mag-
TIT, netic granularity and weak link behavior at grain boundaries.

Thus, there are no inherent limitations to further increase
Figure 3. Temperature dependence of the anisotropy parametepf H/, toward the high#. level of 2 T/K by proper alloy-

H!(T)/H5(T). Solid squares and empty triangles correspond ing or by quenched-in lattice disorder iWgB; with the
to the dirty220uf2em and the epitaxiall g B» film, respectively. account of its complex substitutional chemistry. [17] For

The curve 1 is calculated from Egs. (5) and (6) with® = H!, ~ 2T /K, the field H.2(0) would approach the param-
3605, andD{™ = 5D, and curve 2 foD{*” = 0.09D?, agnetic limit of~ 70 Tesla, in which case a more general
andD{*" = 3D Eliashberg theory should be used to include strong coupling

Egs. (5) and (6) also describe an unusual temperatureand spin effects.

dependence of the anisotropy parametgfr) = HCHQ/HCL2
different from the predictions of the anisotropic one-gap GL L. .
theory in which~(T") =const. Because the 28 band in 3  Intrinsic Josephson effect and inter-

MgB; results inD” /Df < DY /DI, A(T) can ei- band phase textures
ther increase as T decreasedif > D,, or decrease as

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

on Qirty films, as shqwn ?n Fig 3. The anisotropy of the lower - _ T., from the time-dependent Ginzburg-Landau (TDGL)
cnncgl field H.1 (T) is different from _that ofH o (T) [15], eqUAtionsT,, (9, — 2mcig)/do)m — —3F /807, Herep

as evident from the London penetration depth tedorin - s the electric potential,,, are damping constants, and the
the dirty imit [7]: free energyF’ = [ d®r(f1 + f2 + fm + fint) CONtains the
magnetic partf,, = |V x A|?/8r, the GL intraband part

_y_ dmPe? af Ay ap AV} : .
AL; = = (N1 Dj Althﬁ + No D3 A2thﬁ)' 7 fm, and the interband energy,,;:
]
9 Bm 4 271 2
fm = O‘m|¢m| + 7|wm| +9m ||V + %A YVm| (8)
fint = Y(01903 + P11p2) /2 = A1 Az cos 0, 9)
|
The current density is a sum of supercurrent and the nor- For weak interband coupling, < «; 2, the gapsA »
mal current, are not affected by the phase textures, in which case the
equation of motion fof = 6, — 6, become [9
J, = —8n2c(g1A2Qu + A3Qu) ¢3 + 0B, (10)  © Lo o]
whereQ,, = A — ¢oV¥0,,/2, o is the normal conductiv- 790 = LIV20 + sign(v)sin 0 + apdivl,,  (11)

ity, and the supercurrent is a sum of independent intraband
contributions. Static Eqgs. (8)-(10) were also derived from where the relaxation timey, the decay lengtiiy, and the
the microscopic Usadel equations [7]. charge coupling parameter, are given in Ref. [9]. As
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follows from Eqg. (11), the?-mode does not contribute to  current leads and penetration of phase textures in the bulk,
the static magnetic response, sinceldiv= 0 for any dis- as shown in Figs. 5,6. Heth = 2Ly /g for Ly > L., and
tribution of bulk supercurrents. However, thhenode inter- Jy = Le/ag tanh(a/ L) for Ly < L. [9].

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 tegdivE

in Eq. (11) due to the bands asymmetB,g, # I'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 nonequilibricinarge
densityinjected from normal electrodes. Thus, equilibrium
nonuniform solutiond(x) are always energetically unfa-
vorable as compared to the phase-locked states, 0 for Figure 5. Formation of a soliton chain in the right hilf< z < a)
v < 0, orw for v > 0, yet dynamic or quenched phase of the bridge of length 2a aftef(t) was turned on fron? to
textures can be generated during current-induced interband.-025J; att = 0, andL. = a/10, Ly = 0.1L.. Times and

0.5
0 0 Distance

breakdown. distances are normalized tp and a, respectively.
(a)
N N
< <
T o J
S

—> (©) ﬁ < E| 00 Distance

o ﬂ o Figure 6. Moving soliton shuttle in the right half of the horizontal
leg (0 < z < a) in the four-terminal geometry shown in Fig. 4c.

) o ) ) J(t) was turned on from 0 t@.012J; att = 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

phase solitons moving along thin arrows, and block arrows indicate .
current directions. Static phase textures 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) andd(z,t) are even and odd
solitons and antisolitons continuously annihilate in the center. functions of x, respectivelyE'(+a,t) = Ey, E'(0,t) = 0,
0(0) = 0, ¢'(+a,t) = 0, and supercurrents in both bands
vanish at the normal electrode$,= ¢F. In this case-

7.E+ E — L2graddiE + .V6 = 7.3 /o, (12) solitons first appear at the bridge edges, but.for> J;,

they are pushed to the bulk by the strong gradient of).

whereJ(t) is the driving current density,. is the electric ~ Then the next soliton forms near the edge and the process re-
field penetration depth, is the charging time constant ob- peats periodically, resulting in the propagation of two soliton
tained in Ref. [9], and the coupling term V6 describes an  chains from the opposite current leads as shown in Fig. 5.

The equation folE has the form [9]

electric field caused by moving phase textures. After the first two solitons in the chains collide in the center
Egs. (11) and (12) which describe nonlinear electro- they stop, while new solitons keep entering the bridge. Dur-
dynamics of a two-gap superconductor at fixed gaps ing this soliton pileup, the mean slog&t) increases, reach-

were used to calculat(x,t) in a current-carrying micro-  ing a critical valuef’, ~ ay.J/L2 (for J > J;) at which
bridge of length2a (Fig. 4). Below the critical current the soliton generation at the edges stops and a static texture
density J; the bridge is in a phase-locked state, except lo- forms. During the soliton penetratioh< t. ~ 79af’. /2,
calized phase kinks at the edges. For J;, the interband  a transient resistance and voltage oscillations are generated.
breakdown causes periodic generatiof-ablitons nearthe A similar behavior occurs at the point contact (Fig. 4b),
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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(t) is parallel to the sample surface, thenHiv= 0, thus

A very different kind of soliton dynamics occurs in the the phase mode is not excited by the rf field. However, the
A-terminal geometry (F|g 4c)' for which currents flow in #-mode contributes to the rf impedance if the rf field has a
the opposite directions, makir)° turns around the cen- component perpendicular to the sample surface.
tral stagnation pointz = 0) whereVe = 0 by symmetry. Other interesting effects could occur in the point contact
In this caseFE(x) is an odd functions of x so the driving geometry (Fig. 4c) in which high current densitiés- .J;
charge density di# does not change sign along the hori- near the contact (for example, an STM tip) can be achieved.
zontal leg of the cross in Fig. 4c, the total charge along !f the tip is perpendicular to the film surface of a c-axis
the horizontal leg is compensated by the opposite chargedriented film, then it mainly injects current into the 3D
distributed along the vertical leg. The asymmetryRif:) ~ band, because the c-axis tunneling into the 2band is
causes generation of solitons and antisolitons at the oppoStrongly suppressed. The resulting strong charge imbalance
site current leads, which then move toward the center of theP&tweernr andr bands greatly facilitates generation of con-
cross where they annihilate, as shown in Fig. 6. Such con-centric soliton structures, which can be used to probe the

tinuous soliton motion takes place if the widtty of the ver- interband breakdown with point contacts. If the currents are
so that the current density in the horizontal [Bgv, ex- into another current lead, the periodic voltage oscillations

ceeds/;, while the vertical leg remains in the phase-locked Petween the contacts occur in a way similar to the above-
statel/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 (DMR

unaffected by the charge imbalance near the current leads. 9214707), AFOSR MURI (F49620-01-1-0464).
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