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Nonstationary Josephson effect for superconductors with spin-density waves
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The nonstationary Josephsth interferencd ?, and quasiparticld current amplitudes through symmetrical
and nonsymmetricalns) tunnel junctions involving partially dielectrizegbartially gappedl superconductors
with spin-density wave$SDW's) and described by the dielectric order param&ienere calculated. Riedel-
type singularities and jumps for all currents are determined by superconducting order patsyretevell as
3. It was shown that each current for symmetrical junctions, made upeopmodynamicalljydentical SDW
superconductoréwith |3 eq| =|Zignd), can exhibit three possible current-voltage characteri$@s4C’s) de-
pending on the relationship between the electrodesigns in the course of experimeit) one symmetrical
CVC for genuinely symmetrical configuratigs) when the dielectric order paramet@igy and= g, have the
same sign for both electrodes afiid two nonsymmetrical ones for symmetrical junction in the state of broken
symmetry (bs) when 3¢ and 2, g are opposite in sign. The actual setup choice is at random. Thus, the
symmetrical junctions can serve as phase-sensitive indicators for the SDW's. The ns junctions which include
SDW and ordinary BCS superconductors are also studied. The current amplf{ﬁdeu;uns are asymmetrical
functions of the voltag® and depend on the sign &f. Our calculations reveal main features appropriate to
CVC'’s of tunnel junctions involving the heavy-fermion SDW superconductor J3Ru
[S0163-18209)03742-X

I. INTRODUCTION FS nesting below the structural phase transition temperature
Tq. Two types of the low temperature phase are possible,
Soon after the discovery of the Bardeen-Cooper-namely, the excitonic phase induced by electron-hole Cou-
Schrieffer (BCS) superconductivity mechanism, which was lomb interaction, or the Peierls insulatdfor electron-
originally applied to thes-wave spin-singlet Cooper pairirtg, Phonon interactio 1o-12
the problem of the possible compatibility between some kind In SDW metals superconductivity emerges, if at all, in the
of magnetic ordering and superconductivity came intoSame electron system modulated by SDW’s. Cooper and an-
being?* tiferromagnetic dielectric pairings compete here for the FS. It
Conditions for the coexistence between superconductivitys precisely in this manner that magnetic correlations try to
and antiferromagnetism are much more favorable than in théestroy superconductivity, as opposed to the ferromagnetic
ferromagnetic cas&.® Really, on the scale of the Cooper case discussed above. The result of the competition may be
pair radius, i.e., the correlation length, the average magnetidisastrous for superconductivity if the electron spectrum di-
induction(the acting magnetic fieJds zero in antiferromag- electrization(gapping becomes complete. As an example,
netics. That is whys-wave superconductivity can survive one should mention the majority of Bechgaard salts
here. Moreover, it has been long ago suggested that the spifMTSF),X, where X=ReQ,, PF;, Ask;, Tak;, Sbk;,
fluctuation exchange in antiferromagnetics may constituté8Os;, NOs, at the ambient pressufé®!*organic supercon-
the genuine pairing mechanism in this césee, e.g., Ref.)4  ductors (DMET)Au(CN),, (MDT-TTF),Au(CN),,” and
The antiferromagnetic rare-earth-based superconductors apxide families with high critical temperaturesyT,,
quite numerous and seem to be spin-singlet ones of thea, ,[ Ca(Ba,Sr],CuQ,_, and YBgCu;O;_ for nonopti-
swave type:RMosS; (R=Gd, Tb, Dy, E), RRh,B, (R  mal doping concentrationsandy (“parent” SDW state.'®
=Nd, Sm, Tm, R(Rh_,Ir))4B; (R=Ho, Tb), Subtle relationships between relevant and not yet fully
ErMoﬁsq,F"4 RNi,B,C (R=Sc, Y, Th, Lu, Tm, Ho, Dy, recognized parameters can lead to the partial SDW dielectri-
En.% But in the ternary familiesRMogS;, RMosSg,  zation. Then a substance remains metallic dowhi+d and
RRh,B, and their pseudoternary derivatives, or in borocar-thes-type superconducting order parameter develops both on
bides, magnetic properties are determined by the interactingpe dielecrtization-free nonnestédd) and dielectrizedd)
rare-earth ions with partially filled levels, whereas super- FS sections®~*°The phases with coexisting superconductiv-
conductivity takes its origin from the joint itinerant electron ity and SDW'’s are observed in (TMTSE}IO, at ambient
system of all atoms. pressuré! in the related organic superconductor
On the other hand, there are metals with an antiferromagtTMTSF),PF; at pressure 6 kb&f, Cr, ,Re, (x>0.18)
netism of the spin-density wauSDW) type, i.e., generated alloys®?’ the compoundsRRh,Si, (R=La, Y)*® the
by the spin susceptibility divergence at the definite waveheavy-fermion superconductors Uf8i,?%° UR,Al; (R
vectorQ below the Nel temperatureTy .>"~°This logarith- ~ =Ni, Pd),*3? Laves-phase compound CeRii in alloys
mic divergence is the consequence of the Fermi surflee  RNi,B,C (R=Ho;_,Dy,, Lu,_,Dy,, Er 3* and possibly
nesting. So, the SDW state is a close relative to the chargéa compound YbBiP£®
density-wave(CDW) state. The latter is also a result of the  There is no evidence thus far that the SDW superconduct-
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ing state with the complete FS dielectrization occurs in theof symmetrical 8s-1-Sy) and nonsymmetricalSs-1-Sgco)
substances mentioned above or any other objects. Neverthgmctions(ns). Here Sy denotes SDW superconduct@scs
less, much effort has been put forth to describe such a staie an ordinary BCS superconductor, ahds an insulator.
theoretically*®3’ The authors often claim that one can easily Section V is devoted to the detailed analysis of the CVC
extend the corresponding results to the partial dielectrizatiofieature points fors, bs, and ns junctions and contains the
case®® But it is not true because in the fully dielectrized illustrative calculations. The discussion of the available ex-
(perfectly nestedsystem there are no free carriers left for perimental data can be found in Sec. VI. Since the approach
superconducting transition to happen. The only way out is tdS similar to that of paper I, we give references to paper |
introduce the intrinsic doping shiffu of the chemical po- Where needed.

tential into the primordial electron spectrumAfter such a

modification the Fermi level is no longer within the dielectric Il. PARTIALLY DIELECTRIZED SDW

gap but lies in the conduction or valence band depending on SUPERCONDUCTORS

the S sign. In our opinion, the experimental data are more I . .
adequately described by the partial dielectrization The model Hamiltonian of the partially gappéartially

. . 4,38,30,41
picture’®=2 originally brought into being by Bilbro and dielectrized SDW superconductor has the fori

McMillan® for CDW superconductors or normal metals. H=H+H (1)
; ; 0 MF -

In the CDW case a great body of information supports the
concept of a metal which loses beldWy the nested FS sec- Here
tions as a free carrier sour¢see details in Refs. 16,19,89 3
Much less experimental data are available for itinerant SDW _ +
superconductors. But the same idea seems to remain valid HO‘; % §i(P)ipaBipa @
here toc?®° _ o _

In this paper we carry on an investigation of the partially'S the free-electron Hamiltonian. The operaax_fga (ipa) s
dielectrized SDWs-wave superconductors on the basis of thefh€ creationannihilation operator of a quasiparticle with a
Bilbro-McMillan model3®8 i.e., accepting the spin-triplet di- 9uasimomentunp and spin projectionr=* 3 from theith
electric gapping to make an adverse effect on Cooper pairinffS section. Namely,=1 and 2 for the nested sections where
by the FS distortion. The heavy-fermion compoundtne electron spectrum is degenerate
URu,Si, serves as the reference object because the relevant _
model parameters have been measured fdalthough the ¢1(P)=~&(p+Q), ©)
available results scatter quantitativelyd. Q being the SDW vector, while=3 for the rest of the FS

As was mentioned above, the theory of thermodynamiavhere the dispersion relation for elementary excitations is
and electrodynamic properties of SDW superconductors iglescribed by the different functiafg(p).
well elaborated®~2*On the other hand, in order to reveal the  The mean-field term,,r of the Hamiltonian(1)
specific features of these materials the powerful methods of
tunnel current-voltage characteristi€VC) measuremerts Hvr=Hpgcs t Hspw (4)
would _be of fundamental importance. Unfortunately, theirig the sum of the BCS term
theoretical background for SDW superconductors has not yet
been established. The only exceptions are calculations of the 3
quasiparticle CVCI(V) and conductivityG@™ (V) =dJ/dV Hees=—AY, > abal  +H.c, (5)
in the complete dielectrization schefhand the temperature =i
dependences of the critical stationary Josephson cufitent. which leads to superconductivity, and the SDW term

Here we consider the more general case of the nonstation-
ary Josephson effect in tunnel junctions with one or both 2
electrodes being partially dielectrized SDW superconductors. Hspw=— 22;
The amplitudes of the Josephsih interference pair quasi-
particlel?, and quasiparticld currents through tunnel junc- describing the electron-hole spin-triplet excitonic pairinf
tions as the functions of the bias voltayeare calculated. With Hcpy term in paper ). The dielectric order parameter
The analysis is similar to that for CDW superconductdrs X emerges on the nested FS sections, so the summation in
(hereafter Ref. 39 will be denoted as papein the absence Eg.(6) is carried out over them only. On the other hand, the
of superconductivity the results fa(V) are identical with ~ single superconducting order paramet&r appears on the
CVC'’s analyzed in Ref. 41. We should note that CVC's forwhole FS. As was explained in paper I, the quarititgan be
antiferromagnetic superconductors are much more involvetbken as independent &f phenomenological function of.
than their counterparts for CDW superconductors due to thélereafter we assume the pinning of SDWége Sec. Ill, so
more complicated character of the former substances’ quasihe order parameté is real and can be of either sigh??A
particle spectrum. possible imaginary component of the spin-triplet dielectric

The plan of the article is the following. In Sec. Il we order parameter would mean the emergence of spin-current
formulate the problem of superconductivity in a partially di- density waves? We do not know any indications for such a
electrized metal with SDW's. In Sec. Ill the general depen-phenomenon to exist, so this interesting opportunity is left
dences of the tunnel currerits? andJ between SDW super- beyond the scope of the article.
conductors on the bias voltagéare discussed. In Sec. IV In all SDW superconductors that are discussed here the
this treatment is applied to the most important special casesequality Ty>T. (or evenTy>T,) holds. Therefore, the

2, 2 aal @i prg .t H.C. (6)
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exact form of the functior® (T) is not crucial for the deter- much more complex structure of CVC'’s for tunnel junctions

mination of A(T) dependence. Moreover, the calculations ofincluding SDW superconductors.

Machid&® showed that belowl the existence of the super-  To calculate the tunnel currents we need temporal Green's

conducting gap\ stabilizes the magnitude & at a certain  functionsF(w) andG(w) rather than the temperature ones.

constant level in much the same fashion as for CDWThey are obtained in the conventional mantfe

superconductor® Taking into account the above-mentioned

circumstances we did not make the self-consistent calcula- 111. TOTAL CURRENT THROUGH THE TUNNEL

tions of A(T) andX(T) in this paper. Instead, we suggested JUNCTIONS

for 2 (T) two possibilities. According to the first ong, is a

trivial constant. The second functi®(T) chosen here is the

BCS dependenéénherent, e.g., to the SDW spin-triplet ex-

citonic igilsjlatorg.*“ As for the experiment, muon spin rota-

tion data'"° show that in (TMTSF)PF; the T dependence of _ ,

the normalized dielectric order parameter deviates from the Hun=HA+H+T. ©

BCS curve, being much steeper. The other metal 488y The left- and right-hand-side electrodes of the junction are

which undergoes a transition into the SDW state, demondescribed in Eq(9) by the termsH and ', respectively,

strates an almost BCS shapeX({T), that was revealed by Wwhich coincide with the Hamiltoniafil) with an accuracy of

the point-contact measuremefts?’ although the results of notations. Hereafter primed entities including subscripts and

Ref. 47 seem to be closer to those for (TMTSP.“3 But  superscripts correspond to the right-hand side of the junction.

we should note that due to the nonsymmetrical character ofhe tunnel terni is of the form

the CVC'’s for URySIi, and the anisotropy ok (T), its ex- 3

traction from the data is rather ambiguous. =3 3 T ot
As might be expected, these two possibilities appeared to pq’ “ipa

be almost indistinguishable for CVC’s in the voltage range

leVi<A, ebeing the elementary charge, although detectablwhereT'p'q, are the tunnel matrix elements. The general ex-

for voltages of the order df2|. Given these facts, we per- pression forl (T) obtained in the lowest order of the pertur-

formed most calculations using the BCS curve IdiT) be-  pation theory inZ'is a sum of functionals depending on tem-

cause the specific choice is not important from the concepporal Green's functionsF(p,7) and G(p,7), where 7

tual point of view. denotes time(see paper)l The Green's functions (p,7)
BeyondA andZ, there is another essential characteristicand G(p, 7), integrated overp variable, are connected to

of the partially dielectrized superconductor. IN¢0) be the  F () andG(w) by Fourier transformation. Making the as-

total electron density of states on the FS. It is the sum of th%umptions(see discussion in pape)‘ that (i) all matrix ele-

densities of states for dielectrized and nondielectrized part%entsTg(;, are equal and not influenced by the existence of

To calculate the total tunnel currenthrough the junction
we use the conventional tunnel Hamiltonian appro®¢,
according to which the Hamiltonian has the form

ai/q/a+H.C., (10)
i,i'’=1pq’ @

of the FS, : iy
A andE,ngn the spirit of the standard Ambegaokar-Baratoff
_ approacH;,” and(ii) the currentl is independent of the rela-
= + . . . . . . .
N(0)=Na(0)+ N0 0) @ tive spatial orientation of the junction plane and the SDW
The ratio vectorQ, we introduce the universal tunnel resistaite
N,0) R 1=47e>N(0)N’(0){|T|*)gs. (11)
Ve Ng(0) ®) Here angular brackets - - )5 imply averaging over the FS.

Then, on the basis of the Green’s function set and using the
was introduce®f to characterize the gapping degree of theagdiabatic approximatiol*dV/dr<T, for the ac bias volt-
metal. It may vary from Qthe case of complete dielectriza- ageV(7)=V,gn(7) — Vien(7) across the Josephson junction,
tion) to infinity when the FS gapping is absent. we obtain the nine-term expression for the total current

The T dependence of the superconducting gafor par-  through the junction made up of the SDW superconductors,

tially dielectrized SDW superconductor can be easily foundyhich is a generalization of that for the BCS-superconductor
from our theory developed earliér1®2°?lysing the function ca5é®

> (T) discussed above and appropriate values of the control

parameter. ° Lo ,
The normalG#(p; w,) and anomalou§;*(p; w,) Mat- ITV( T)]=Z:1 [1i(V)sin2¢+17(V)cos 2+ Ji(V)],
subara Green'’s functions corresponding to the Hamiltonian (12)

(1) can be found from the Dyson-Gor'kov equations ob-

tained earliet®18-2142They are matrices in the space which Whereg=f"eV(r)dr, I'==7_, 11 is the Josephson current,
is the direct product of the spin space and the isotopic spadé=3;_,17 is the interference pair-quasiparticle current, and
of the FS section¥>'#19The explicit expressions foB#  J=37_,J; is the quasiparticle current. The explicit expres-
and Ffj‘ﬁ will be given elsewhere. sions forl il'z andJ; are cumbersome and will be given else-

For CDW superconductors the Green’s functisg=0,  where.

whereas for SDW ones it is no more true, resulting in the The phases) and ¢’ of the superconducting order pa-
increase of the component numbers for tunnel currentsameters are, as usuflconsidered free, with their differ-
against the CDW case. Both these circumstances lead &ncedgs= ¢’ — ¢ obeying the above-given Josephson rela-
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tionship connecting it to the bias voltage. On the contrary, A. sjunctions Sy-l-Sy

when obtaining Eq(12), we made a suggestion of the strong e symmetricalSy-1-Sy junction is the ideal limiting
SDW pinning by lattice defects or impurities, so their phasegase when the difference between the relevant thermody-
x and x’ on either side of the junction are fixed. In the namic parameters characterizing both electrodes can be con-

absence of pinning, it is known from the fundamental ge-sidered negligible. For such junctions v=1', 3=3", A
neric models of the dielectric pairing, e.g., the Hubbard=A’, and

model describing the electron-electron interactibhghat

the phase of the SDWand consequently the phageof the Fe=F4, Fna=Fpe» Fis=Fis,
order parametek =|X|e'X) is arbitrary.
Pinning prevents SDW sliding in quasi-one-dimensional G4=Gy, Gn=Gly, Gis=Gs. (13

compounds for small electric fields, whereas for large ones

various coherent phenomena of the Josephson type, e.g., Then the total currentl2) through the junction may be
Shapiro steps on CVC'’s, become possibleor excitonic ~decomposed into four different components. The relevant
insulators the behavior is more complicated. In particularcurrent amplitudes i and Jg; can be deduced easily. For
the phasey is fixed by Coulomb interband matrix elements them the usual symmetry relations hold. Fsjunctions
(linking FS sections 1 and)Zorresponding to two-particle CVC'’s of all three currents do not depend on the sigrX.of
transitionsV,, and by the interband electron-phonon interac-

tion described by the constaity.,.'%***° Moreover, the B. bs junctions Sy-1-S_y

excitonic transitions due to the finite values\6f and A ¢;.pn

are always of the first order although close to the secon%
order transitions? The contribution from the single-particle
Coulomb interband matrix elemen¥s, which connect three

For formally symmetrical junctions involving identical
DW superconductors an alternative opportunity may be re-
alized. Namely, thesymmetry breakingan take place, i.e.,
éhe left-hand partially gapped electrode possessing, say, a

particles from, say, FS section 1 and one particle from Fep_ositive dielectric order paramet&r>0 and the right-hand

section 2, or vice versa, results in even more radical cons . . L .
: ; one having a negative paramelt= —3, <0, or vice versa.
guences. Namely, the self-consistency equation for the ordqr

. . n both cases the junction is nonsymmetrical in reality, al-
paramete becomes nonhomogeneous, with the right-han hough|S|=|3’| and all macroscopical properties of each
side proportional toV;. This leads to the fixation of the 9 P prop

phasey.: separated electrode aidenticaldue to the thermodynamical
With due regard of all these factors, we have calculate quivalence of SDW superconductors with equas and

1o 18,23 H H H H
the quasiparticle currert(V) between two partially dielec- %|'s. However, if the junction concemed is a part of the

. ; . electric circuit, it will serve as a phase-sensitive indicator of
trlze_d nor_mal metal¢here the_ results for SDW's and CDW S the symmetry breaking between the electrofe®uch a phe-
are identical, as was mentioned befidte The expressions

nomenon comprises a new macroscopical manifestation of

g?gzlrnﬁgnzorﬂptrrl]see tEngafriggl:ilc?r: ggiiezf are )ﬁeolr;(ftr:e% e symmetry breaking in many-body systems. The corre-
N P . . glected, I%%onding CVC'’s are substantially different from their genu-
guasiparticle current between two Peierls insulators involve

the term proportional to cog{— y).253We note that for the ?nely symmetrical counterparts. Really, for this state of a

CS T R ) junctionv=1p', A=A’ 3=-3",
case of full gapping #=»"=0) our results for symmetrical
junctions agree with those of Ref. 52 when the oscillating —r —r ! _
term is averaged out. On the contrary, the expressions for Fo=Fa: Frd=Fns Ge=Cas Gno=Cpa (19
tunnel conductances from Ref. 53 cannot be reduced to ourbut
The equivalence of the dielectrized FS sections 1 and 2 in
the SDW superconductor reduces the number of Green'’s Fis=—Fis, Gis=—Gfs. (15

functions for each electrode. Namely, they are , o
Fa(®),Fn®),Fis(0),Gg4(®),Grg(), and Gi(w). Al Then the total currerit, consists of six different terms. For

other Green’s functions vanish. Thus, to obtain each tunndiv0 Of them(which are absent in thecasg the dependence
current amplitudel 2 or J between two different partially ©n the voltage polarity is inverse. It affects crucially the total
gapped superconductors only three Green's functions fofurrent amplitudesy(V) andJy{V), making them neither

each electrode are needed, namefy(w),F(w), and Symmetrical nor antisymmetrical M. Therefore, the CVC's
Fi() to calculatel*2 and Gy4(w),G(w), andG;s(w) to  for total currents in the bs case depend on the voltage polar-

calculatel. ity. Furthermore, with changing® sign, the different
V-polarity branches are interchanged. These phenomena are
analogous to the polarity and the-sign dependences of
CVC'’s for the ns junction.

One should bear in mind that a spontaneous symmetry

Below we shall confine ourselves to symmetri¢ae.,  breaking in isolated bulk SDW superconductéos normal
when both electrodes are identical SDW superconduxctorsmetal3 has no observable consequences since thermody-
and nonsymmetricdii.e., when one electrode is an ordinary namical properties of such objects are the same for any sign
BCS superconductpjunctions. At the same time, our results of 3.16181921The existence of two electrically connected
obtained for CDW superconductors and normal metals showieces of SDW superconductors makes the symmetry break-
that a junction commonly assumed as symmetrical may nang macroscopically observablé=luctuations act here as a
always reveal the corresponding behavbr. driving force promoting selection between four possible

IV. CURRENT-VOLTAGE CHARACTERISTICS
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states:Ss-1-Sy,S_s-1-S_5,Ss-1-S_y, andS_s-I-Sy. The TABLE I. Types and positions of CVC peculiarities inherent in
first two equivalent possibilities correspond to the genuinelycomponents of currents througrand bs junctions”

symmetrical cases], whereas the last two potentialities rep-
resent different alternatives of the broken-symmetry cas(laevI
(bs). Thus, we obtain for a symmetrical junction a discretesp 1 2A 4

Type®  Position®  Component§

set of states corresponding to various possible combinationgp _| 1 2(3+A) 125
of the dielectric order parameter signs in the electrodes. Thg+:’||D+|+ ID_|| 1 o3 12
statistical weight of the-state is twice that for each of the bs |, _ IID.|~|D_||® 2 2A 12,5
ones.

The frustrated junction between SDWDW) supercon- m+;lg+liﬁ i 2A2+2 2’2
ductors above or beloW, , but of necessity below (Ty), N 7=||Di|—A| e 5 s 3’6
can be treated as a discrete analog, with respect to the relﬁ-*ZHD*l_AI e 5 28-3| 36

tive phase difference, of the Josephson junction. It is radi-
cally different, however, from the SDW counterpart of the a the s case the choic® >0 is made. In the bs ca®>0 in the
phase-coherent weak link between two Peierls insulatorgpg ejectrode and <0 in the rhs one. See details in the text.

With sliding CDW's considered by Artemenko and Volkd. bType 1 corresponds to logarithmic singularities for Josephson cur-
Unlike these authors, we assume the pinning ofrend>’ rent components and jumps for interference and quasiparticle cur-

phases, therefore ruling out coherent effects. Neverthelessent components. Type 2 corresponds to jumps for Josephson cur-
the junction concerned feels the difference or coincidencerent components and logarithmic singularities for interference and

between the dielectric order parameter signs. Thus, the symgyasiparticle current components. See details in the text.

metry breaking in the symmetrical junction serves as a desggrpA<s .

tector of the order-parameter phase multiplicity in electrodesicomponents 5 and 6 are inherent in currents through bs junctions
This is also common to nonsymmetrical junction. only.

®For T#0.

C. ns junctions Sy -1 -Sgcg
) , . the same biases, the situation never occurring for junctions
In the ,nonsymmetncal casly(0)=0, so, ac’cordlng' 0 involving CDW superconductors, not to say about BCS ones.
Eq. (8), »"=%. Then, only the following Green’s functions ajthough originating from different terms, they jointly pro-
are inherent to this junctior g, Fna, Fis; Ga, Gnas Gis: duce the as yet unfamiliar CVC features for each current.
F'=Fgcs, andG’=Ggcs, whereFgcs and Gges aré the  The characteristic features can be evaluated for arbitrary
Green's functions of the BCS superconductor. Then onltemperatures. In all figures below we mark logarithmic
three terms for each current amplitutff andJ,g survive.  peaks, which are hardly seen at the chosen scale, by single
The main difference between SDW and CDW superconarrows. Double arrows mark the positions of tiny jumps.
ductors(cf. with paper ) is the loss of CVC symmetry not
only for quasiparticle but also for Josephson and interference
currents. That is, all three relevant CVC’s in ns junctions
including SDW superconductors depend on the voltage po- For this kind of junction CVC’s do not depend on the sign
larity, contrary to the well-known polarity independence for of . The locations and types of all possible peculiarities for
nonsymmetrical junctions involving different BCS current components are listed in Table | in the caseO.
superconductofé’. Type 1 corresponds to logarithmic singularities proportional
to Y. (D4,D,,eV) for Josephson current components and
jumps dSl(eV)=I1(eV+0)—1(eV—0) proportional to
Z.(D4,D,) for interference and quasiparticle current com-
For ordinary BCS superconductors the CVC!$(V) and  ponents. Type 2 corresponds to jumps proportional to
J(V) possess logarithmic singulariti¢the so-called Riedel Z-(Dj,D») for Josephson current components and logarith-
peaks and discontinuites at certain gap-determinedmic singularities proportional t&_(D,D,,eV) for inter-
biases'?*®%5The character and magnitudes of peculiaritiesference and quasiparticle current components. Here
for different kinds of currents are corrgfl);a?tsed according to the
Kramers-Kronig relations between thénr>The CVC'’s for N~
CDW superconductors are much more involysde paper)! 2:(D1,D2)=VD1D>
due to the presence of two gaps, superconducting and dielec-

A. sjunctions Ss-1-Sy

V. RESULTS OF CALCULATIONS

hol & tanho 16
tan 2_I__tan T (16)

tric, in the quasiparticle spectrum. Nevertheless, the case of (D;+D5,)
SDW superconductors is even more complicated. First, there Yt(DlaDZae\/):Zi(DlaDZ)Inmy
aretwo “effective combined gaps’|D.|=A =3 of the qua- == a7

siparticle spectrum. It results in the doubling of all

2 -governed peculiarity points in comparison with the CDW with parameter® ; , being specific for each peculiarity. The
case. Second, for theeand bs junctions, taking into account explicit expressions will be published elsewhere. Below we
thelinear dependence dD .. on A, the possibility of various confine our analysis to the positive voltage branch.
combinations of D..| andA for current components involv- It should be noted that fof #0 the form of the main
ing dissimilar FS sections leads to the superposition of sineharacteristic features appropriate to currentsT a0 are
gularities of different typegumps and logarithmic peakat  distorted by thermally excited quasiparticles in two wayps:
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by deformation of the existing CVC peciliarities afig) by
appearance of new ones. At the same time, for substances to
which we have restricted ourselves, the inequaiy>A

holds good, so thatl_=2A andN,=M _=|X|. Then, for
finite temperatureghe positions of some new logarithmic
singularities coincide with those of certain jumps and vice
versa, due to the mixing of contributions from different spin-
split states and various FS sections. For instance, when
studying CVC'’s of symmetrical junctions for voltages in the
neighborhood of thesuperconductivity-determineteature
pointeV=2A, one should bear in mind a possible influence
of the electron-hole correlations, although the respective gap
|3 is usually much larger than. A

The CVC’s depend on two dimensionless parameters, 3 —
specific for each substance:ando(T)=|2|/A,, whereA, 0.10
is the superconducting gap &=0 in the absence of the
dielectrization ¢— ). Similar to paper |, the dependence 2
3,(T) is chosen to be of the BCS type, the choice being not
crucial becausel'y>T, in the objects concerned. So, the =2
values of2 (T) at any givenT are determined by the param- 1
eteroy=2,/A,, whereX,=|2(T=0)|.

In Fig. 1(a) the normalized total Josephson currépt 7 (b
ElieF!Ao (below all current amplitudes and their compo- 0 1 2 3 4
nents normalized in the same manner are denoted by the x=eV/A
same letters in the lower case with the same indiéses .
shown versus dimensionless bieseV/A, for op=1.5 and I T
v=1, and for two values of normalized temperature 1.5 — '
=T/T.,=0 (dashed curyeand 0.2(solid curve. Here T
=yA, /7 is the critical temperature of the SDW supercon-
ductor in the absence of the dielectrization and £
=1.781. .. is theEuler constant. The ratid§=T/T,  of T
to the actual critical temperature are 6=(0) and 0.816 {
=0.2). The procedure of calculating the quantifieév, o)

- 21D

= H+
Lon,l

0.05

0.00

boo i
b2,

and A(»,00,t), which is used throughout the paper, was ©
described elsewhef&182021As one can see, there are four S %> 5 4
positive (ateV=2|D.|, 2A, andM ) and two negativeat x = eViag

eV=H, andM ) logarithmic singularities ofg(x). Fort
#0 a positive jump aeV=N, and a negative one &V
=N_ emerge. However, the former, inherent to the tétm

FIG. 1. CVC’s of dimensionless nonstationary Josephiéon
EIéel‘—\’/Ao (@ and quasiparticl§ ;=JeR/Aq (b) current ampli-

. . .. tudes and quasiparticle conducta =djs/dx (c) through the
cannot be traced against the background of the singularity q mmetricalSy-1-Sy tunnel junctiorl?:g';etweesn SDW superconduct-

ev=M, (numerically equal toN.), Stem,m”?g from the ors for various dimensionless temperaturesl/T.,. Heree s the
same Cu_rrem term. Thus, here th_e peQUI'ar interference b%]ementary chargeR is the junction resistance in the normal state
tween different kinds of features is taking place due to theA0 is the superconducting gap B0 in the absence of the dielec-

spin splitting in the SDW state. One should also bear in mingyization, T,,=yAy/m, y=1.78D... is the Euler constantx
that the steps iig; andlg, ateV=H_ completely compen- =ev/A,, V is the applied voltagery is the value ofr=3/A, at
sate each other. T=0, 3(T) is the dielectric order parameter=N,40)/N4(0),

The dimensionless quasiparticle currggEJeRIAy is  Npgq)(0) is the electron density of states at the nondielectrized
shown in Fig. 1b). The jumps ofJs; and Ji, at eV  (dielectrized Fermi surface section. The peculiarity positions for
=2|D.| andH, compensate each other, so that only threghe curve corresponding te=0.2 are marked on the top axes. The
positive steps aeV=M.,2A remain. There are also two inset shows the scaled-up details of the relevant curves.
detectable positive logarithmic singularites e¥=N_.. for
T+#0, whereas finitéF singularities aeV=H_ are too tiny
to be observed. _

The quasiparticle conductanceg=dj./dx are dis-
played in Fig. 1c).%® The linear divergences clearly seen at
the voltages corresponding to the logarithmic singularity
points ofj, in reality have to be reduced to smooth features The locations and types of the ns junction CVC'’s pecu-
due to the averaging over the spreaddofind/ors. On the liarities are listed in Table II. For the sake of definiteness we
other hand, a rich variety of jumps found here should reveahassume tha>0. If <0 the different polarity CVC
themselves in experiment. A finife-zero-bias logarithmic branches change places.

singularity predicted for BCS superconduct8ris readily
visible. It is driven by the density of states peaks near the
edges of the gapa and|D.|.

B. ns junctions Sy-1-Sgcg
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TABLE Il. Types and positions of CVC peculiarities inherent in
components of currents through ns junctions.

leV] Type? Components

K.=|D.|+Apcs 1 1,2
3
1,2
3

-
+
|
O
A
>
w
(9]
()1
o
NN P

&Type 1 corresponds to logarithmic singularities for Josephson cur- i1,
rent components and jumps for interference and quasiparticle cur- 4 -2 0 2 4
rent components. Type 2 corresponds to jumps for Josephson cur- x = eViAg
rent components and logarithmic singularities for interference and 2
quasiparticle current components. See details in the text. S48 # »
PFor T#0. ' '

In Fig. 2 the bias dependences of the normalized total osl
currentsit=IteRA, and j,=J,£R/A, are shown for at
various values of the ratie,=AgcT=0)/Ay,. One can 00 p—v i
clearly see the main Riedel-like logarithmic singularities and A2t P——
jumps, and the absence of definite symmetry for all currents. ’

C. bs junctions Sy-1-S_y (b)

For this kind of junction CVC peculiarities are located at
the same voltages as in thecase(see Table)l

The interplay between singularities and jumps in junc- o FF
tions with broken symmetry is more interesting than in genu- 85 2 A
inely symmetrical ones. Together with the bias polarity de- Y —
pendence, it makes the resulting picture rather intricate. 04

x = eVfAg

FIG. 3. CVC's of dimensionless nonstationary Josephggn
=t eR/A, (a) and quasiparticlg,e=JpeR/A, (b) current ampli-
tudes and quasiparticle conductarggéfzdjbs/dx (c) through the
formally symmetrical tunnel junction with broken symmetry
(Ss-1-S_5) between SDW superconductors for varidughe pe-
culiarity positions for the curve correspondingtte 0.2 are marked
on the top axes. The insets show the scaled-up details of the rel-
evant curves.

For definiteness, we shall consider below the broken sym-
metry state with®,=—3'>0. Such a state will be denoted
as the bs state. The CVC's for the other possible state
(bs—) with =—-3'<0 can be easily obtained from the
x = eV/Ag symmetry relations.

In Fig. 3@ the CVC for the dimensionless Josephson
currentip=1;£R/A, is shown for different. One can see

tudes through nonsymmetric8k-1-Spcs junctions, whereSgcg is that the singularities deV|=2|D .| andH, exist although

an ordinary BCS superconductor with the gapcg, for different they are fompenfated for the sum of “Convent!onal” com-
€0=Apcs(T=0)/A,. Single arrows indicate the positions of loga- PONeNtslig; and lys,. However, the corresponding pattern
rithmic singularities and double arrows indicate the positions offfagment has an unusual antisymmetrical dependence on the
discontinuities which are hardly seen on a scale selected. The inse¥§ltage polarity. The singularities av=M .. are amplified
show the scaled-up details of the relevant curves. by the broken symmetry componerbss, whereas they are

FIG. 2. CVC'’s of dimensionless nonstationary Josephﬁgn
=11eR/A, (@) and quasiparticlg =J.eRA, (b) current ampli-
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fully compensated foeV=—M... As for the Riedel singu- conductor is the heavy-fermion compound URi. Here
larity of the BCS-like term %54, it remains the same as in the the actualT,~1.3—1.5 K andTy~17-17.5 K, according
s case. to different source’>*" There are, however, substantial
The finite temperature jumps deV|=H_ are almost discrepancies for the paramet&sand v inferred from spe-
fully determined by the “conventional” componentg.;,  cific heat measurements, namely= 115 K andv~0.4, ac-
because for the chosen parameter values the jiiis  cording to Ref. 29, 0B ~129 K andv~1.5, according to
~A/|3] is much smaller. However, sindd _=2A, these Ref. 30. Another investigation of thermal properties also
features are unobservable against the background generafgdgs to3 ~115 K 57
by the BCS term. The negative stepe¥¢=N_, resulting Tunnel and point-contact measurements of W&4icon-
both from 813 and 8l g, is seen in the figure. At the same ductivity both in the symmetrical and nonsymmetrical setup
time, foreV=—N_ these terms compensate each other. Th¢ave been carried out recentfy*"*®The respective CVC's
same is true for the feature poirg¥’==N. . Yet, the over-  cjearly demonstrated gaplike peculiarities disappearing
all positive jump ateV=N.=ZX occurs at the same bias aboveTy, thus being the manifestation of the SDW-related
ev=M_=2 as the negative logarithmic singularity, and partia| dielectric gapping. BelowT, superconducting gap
therefore_becor_nes unobserv_able_. L features were also seen at voltages associated Wwithby
shoTvr\;ﬁ ir?Iggnzltf))?Lezngggsllyanglrfls?nfﬁwg?r%;J%fewc%%tri- the BCS relationship. Usually, such experiments give an op-
' ) portunity to obtain 2 value directly as a voltage difference

butions ateV=|D..|,H. ,M.. are combined to make jumps, gbetween two humpgtunnel methoyl or valleys (point-

while they are mutually compensated for correspondin . diff ) .
negative biases. Also a small superconductivity-driven jumngontact techniqueof the curv_esG ) (V). Howgver, in this
is present foleV|=2A. case the CVC's for junctions URS8i-I-M or

The finiteT singularities ateV|=H _ are too tiny to be YRUS-C-M, where C denotes constriction, are highly
noticed in the figure against the jun®d,.,. On the contrary, nonsymm_etn_cal. It agrees qu_alltatlvely with our theory but
the singularities aeV=N. are pronounced. At the same the quantitative comparison is hampered. Direct tunnel or

time, for negative biasesV=—N. their contributions can- point-contact studies qud to strikingly different valuesof
cel out g - as compared to those cited above, =68 K .*® At the

All the compensations discussed for the quasiparticle curs®M€ t'Ter*] thefse experiments may t?e regarded as an evi-
rent do not concern its derivatives, so the conductance versﬁjfnce, 0 L ee ectk:on spectrum lpartla ﬁappmg in bt
voltage curves can be a valuable source of information forl Nat iS why our theory is actual, but the input parameters

the case of broken symmetry. The cungid(x)=djps/dx should be taken from the bulk measurements of electron con-
for the same set of parameters are shown in F(g).sfi'he ductivity, magnetic susceptibility, heat capacity, or thermal

curves remain nonsymmetrical, however, some structure caprPansion.

be seen also for negative voltages and the logarithmic singu-I It :zljlsobturned ?.UI ;h?t tTJe b_roker_1 tS)r/Wmmetry fcetg;':llno has
larity at zero bias, appropriate to symmetrical junctiths, alréady been reaiized for 28, point homocon acts. in
manifests itself clearly in the bs case too. agreement with our theory, the CVC asymmetry is smaller

For a specific symmetrical tunnel juncti@-1-Sg. with for homocontacts than for heterocontacts. Moreover, to-

Y : A ther with symmetrical CVC'’s, it often happens that the
S|=|3'| any of the three above-mentioned possibilities ( 2° ) S ;
leL_’ lano|| bs—y) can be realized, in principle. Fn reality, on(e 3,-determined peculiarities of the experimertad/dJ curves

can imagine a number of accessory factors to make a certag‘[e more pronounced either on the positive or negaive

state preferable. Thus, a choice of the actual experiment ranches. It correlates well with our classification of for-

: o lly symmetrical junctions as & bs+, or bs— types.
\VVC woul m for given external conditions and the™? . .
CVC would be made for given external conditions and the We should note that the cited tunnel and point-contact

electrical or thermal prehistory of the junction. Far beldy measurements for iunctions involvina Ui, were carried
(and belowT, for antiferromagnetic superconductprthe . J 9 5&2.
out for single crystals, whereas our summation procedure of

fluctuation-induced switching between states with d|fferenta” possible tunnel currents between different FS sections im-

> signs is impossible because it would require large energ lies a certain direction averaging. However, the gap features
connected with the SDW rearrangement. Of course, heatin ging. ’ gap
nd the general appearance, e.g., of th&¢dJ versusV

aboveTy and subsequent cooling may result in another CV dependencéSare very similar for directions along theaxis
if the possible states are almost degenerate energetically. P . ery . 9 S
or normal to it. It is so because some kind of averaging is

inevitably present in such experiments. In this manner, our
approach is reconciled with the experimental data.

The dimensionless conductancg&' (V) are shown in

The heavy-fermion compounds are the most probable obFig. 4 for a nonsymmetrical tunnel junction
jects to be described by the presented theory. For instanc&Ru,Si,-1-Pb (T,;~7.2 K of Pb is larger thanT. of
CVC's areasymmetricafor break junctiongsymmetrical in  URW,Si;). One can see that the CVC’s are highly asym-
essencemade of superconducting Upil,.%? It is recon-  metrical with fine structures of logarithmic singularities and
ciled with our theory. However, in order to propose anyjumps> All possible sample inhomogeneities or direction
quantitative comparison with experiment, one should knowaveraging would wipe out most of the information leaving
the superconducting and dielectric gaps as well as the contrthe major features. The asymmetrical character of CVC's
parameterm. seems, however, insensitive to such modifications. And re-

The most studied now partially dielectrized SDW super-ally, the observed tunnel spectra of USiy-Al,O3-Al

VI. DISCUSSION
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) 2.0
I - - .
URu,Si, -7 -Pb i‘\‘ Elil.;glszmgllzog Al:
T=0K T=4K
21 co=1.44, v=0.4 N N I [P v=10
——————— 6¢=6.9, v=1.5 ; © experiment
H g, 1.5
i kS
k=
fors 1
% 1|
- 1.0 ko.0a, o ©
A .
(0] 1 T 1 1 20 -10 0 10 20

-10 -5 0 5 10
Bias voltage (mV)

Bias voltage (mV)

FIG. 5. Dependencesglf(V) for the ns junction

FIG. 4. Conductancegyt (V) of the URySi,-I-Pb junction for URW,Si,-Al,05-Al in the normal state taken from the experiment
the sets of parameters from Ref. 29olid curve and Ref. 30  (Ref. 4 and calculated for various's.

(dashed curve

_ 6 _ been measured so far for the objects concerned. In this con-
junctions and - point-contact  spectra for CONtacts nection we call attention to related experiments for high-
URU_ZSSIE%-AQ, URWSip-Au, URU23|2£;V| (M=2Zn,  cuprate€® There due to large values of the superconducting
NbTi),”* and URyYSi,-M (M=Fe, Ag, Cy,"" reveal sub- gap the nonstationary Josephson current generates nonequi-
stantial dependence on voltage polarity. ~ librium phonons with the energy 2 corresponding to the

As for the direct confirmation of our theory by experi- Rjedel singularity. They are revealed in the quasiparticle cur-
ment, unfortunately, the most intriguing majority of available ;ant and observed as peaks ®Ff (V). Such a possibility
data are obtained by point-contact spectroscopy for whickan pe realized for URSI, with its unexpectedly larg& or
only the location of the feature points can be compared witfhny other suitable SDWor CDW) superconductor. The fa-
our predictions. The only tunnel measurements are made fQjyraple circumstance here is the existence of coherent cur-

nonsymmetrical junction URi,-Al,O3-Al. ““ But the CVC  rent components with combined “gaps” determined both by
presented there was obtained b4 K, i.e., well above A ands. as is shown in this paper.

T.'s both for URySIi, and Al (1.19 K). So, both electrodes
were in the normal state. Figure 5 shows the relevant experi-
mental data together with our calculations. The general trend
is reproduced indeed. Note that the much larger fitting values We are grateful to many colleagues who have sent us their
of v are required in comparison with those from thermalunpublished results. One of &.G.) is grateful to R. S.
measurements:2%’ Smearing of the peculiariies may be Markiewicz (Northeastern Universityfor valuable discus-
attributed to the averaging inherent in such kind of experisions during the expert visit to Boston supported by the
ments. NATO Collaborative Research Grant. We would like to

One sees that the relationship betweBg and T, in  thank A. Alexandrov and J. Tallon for helpful correspon-
URU,Si, is not favorable to observe many characteristic fea-dence, and M. Ausloos, Yu. S. Barash, J. Van Ruitenbeek, Y.
tures of CVC'’s. Thus, a quest of a proper SDW superconTanaka, and I. K. Yanson for stimulating discussions. This
ductor remains on agenda. It would be interesting also tevork was supported, in part, by the Ukrainian State Founda-
measure the nonstationary Josephson CVC'’s which have ntibn for Fundamental Resear¢Brant No. 2.4/100
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