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It is shown that patches afomplexd,, components are generated around a magnetic impurity in
the presence of coupling between the orbital moment of the condensate and the impuri§;.spin
The locally inducedd,, gap leads to the fully gapped quasiparticle spectrum near impurity. It is
suggested that at low temperatures the well defined patchés, aire formed, possibly leading to a
phase locked state due to Josephson tunneling. Violation of time-reversal symmetry and parity occurs
spontaneously at this point via a second order transition. In the ordered phase both the impurity
magnetization and thé,, component of the order parameter develop and are proportional to each other.
[S0031-9007(98)05427-1]

PACS numbers: 74.25.Bt, 74.20.De, 74.62.Dh

It is well known that magnetic impurities destroy the Ao(@) — Ao [(1 + gS,)exp2i0)
singlet superconducting state due to spin scattering which 2 ‘
breaks pair singlets [1]. In the case of the gapless (with + (1 — gS,)exp(—2i0)] (3)

the nodes of the gapjJ-wave superconductor both mag- .
netic and nonmagnetic impurities produce a finite density = 20(0) + iS:A1(0),
of states at zero energy. These are well known “incoherwhere A;(0) « g/2sin20 is the d,, component. The
ent” effects of impurities in unconventional superconduc-elative phaser /2 of these two order parameters comes
tors. After recent experiments by Movshoviehal.[2] ~ out naturally because the + id state has a noncompen-
we are led to believe that another phenomenon is po$ated orbital moment, = +2.
sible, namely, the transition to the second superconducting Here | argue that time reversal’) and parity (P)
phase as a result of condensate interactions with magneymmetries can be brokepontaneouslin the bulk of the
impurities. The time-reversal violating state is formed atd-wave state due to coupling to the impurity spins. Origi-
low energy, and the order parameter of the new phase [gal dx2,yz is unstable towards the formation of the bulk
de—y: + idy(d + id). In this phase the impurity spins dx-y> + idy, phase. To show how complex thé,
acquire nonzero spin density along theaxis, i.e., out component appears, | first consider the single magnetic
of plane. impurity and find that the spin-orbit interaction generates
The physical origin of the instability comes from the @ finite complexd,, anomalous amplitude near impurity
fact that thed + id state has an orbital moment which in thed,.,. state. This patch aof,, state is formed near
couples to the magnetic impurity spins. The relevanthe impurity site, as long as th&:_,. amplitude is finite,
interaction is thel.,.S, coupling between impurity spii, ~ and has a spatial extent of coherence length= 20 A.

and the conduction electron orbital moment It is therefore possible for these patches to form a long
range phase coherent state at some lower temperature as a

Hip = gZ[ dr i’h tprt,[r X idp].¢re, (1)  result of Josephson tunneling between different patches.
i Ir = ril Then | present a macroscopic Ginzburg-Landau (GL)
where g is the coupling constantj,, is the electron functio_ngl and find that there islmear coupling between
annihilation operator, and the summation is over impurityN€ originald,:-,> order parameten,(®) = A, cos20
sitesi. In the pure phase one can thinkdvave state as and the spontaneously induced, componentA(0) =
an equal admixture of the orbital moment = =2 pairs, ~A1Sin20, ,
Ao(®) = Aycos20 = % [exp2i®) + exp(—2i0)]. Fine = =7 (BoA1 = H.C)S:, “)
@) Whergb * Nimpg ﬁs the macros_,copic coupling constant,
nimp 1S the impurity concentration per unit cell of linear
Here O is the 2D planar angle of the momentum on thesize a, Ag;, g/2 have dimension of energy. The time-
Fermi surface, and\, is the magnitude of thel,._. reversal violation is natural in this case as it allows
component. We consider the 2. ,» superconductor, the order parametedA, + iA; to couple directly to the
motivated by the layered structure of the cuprates. In thé@npurity spin. This coupling is possible only far + id
presence of the (ferromagnetically) ordered impurity spingnd not ford + is symmetry of the order parameter. From
S, the coefficients of th&., = =2 components will shift the GL description it follows that instability develops as a
linearly in S, with oppositesigns, second ordephase transition where both the out-of-plane
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magnetizations, andd,, component developed together Here A, = kp(m?/242)In(W /yJw? + A2)(1/
and are proportional to each other [3]. Jw? + AZco$20)e is the model dependent cou-

Recent experimental observation of the surface-inducegling, w is the energy cutoffN, is the density of states

time-reversal violating state in YBCO suggests that theat the Fermi surface, an€)e stands for Fermi surface
secondary component of the order parameter+ is)  averaging.

can be induced [4]. Theoretical explanation, based on The angle dependence afl (@) ~ ig$, sin20 «
surface-induced Andreev states, has been suggested p)yky is the one ofd,, . Together" with the fact that this
Fogelstrom and co-workers [5]. The source of the secamplitude is complex, it indicates the existence of the
ondary component is the bending of the origiagl-,> ;4 component in the vicinity of magnetic impurity.
order parameter at the surface. This result also shows that incoming._,--wave state

In a different approach Laughlin [6] argued that theelectrons have a finite amplitude, linear #$,, to be
dxzfyz state is unstable toward thé + id state in the scattered into thejxy outgoing state via thé’zsz cou-
bulk in the perpendicular magnetic field at low enoughpling. From the solution Eq. (5) it is easy to see that
temperatures. The time reversal and parity are brokethe typical size of the patch, ignoring nodal directions, is
by the external field in this case. This transition WaSgiven by Superconducting coherence |en§ﬂ'|= 20 A.
suggested to be responsible for the kinklike feature in thgor the relevant concentration of Nijy, ~ 1% the
thermal conductivity in experiments by Krishaeal. [7].  Ni-Ni distance is abous5 A. The patches are thus well

Recent experiments reported the anomaly in the therm@yerlapping in this limit, making phase ordering due to
CondUCtiVity in Bi2212 at low temperatures: The ther'tunne”ng from patch to patch possib|e_ These patches
mal CondUCtiVity of the Bi2212 with Ni impurities was work as a microscopic seed of tldey Component which
observed to have a sharp reductiorfat= 200 mK [2].  grows into a true long range state at low temperatures
These data indicate the possible superconducting phage< 7*. A similar result for thed,, patches in the mixed
transition in the Bi2212 in the presence of the magnetiGtate of pure Bi2212 was shown in [9], where the role of
impurities. So far the transition has been seen only in thgmpurities is assumed by vortices.
samples with magnetic impurities, e.g., Ni as opposed to An important observable consequence of libeal d,,
the nonmagnetic impurities such as Zn [2]. It was reporteGomponent near impurity is that the gap, as seen in STM
that the feature in the thermal conductivity is completelytunneling near Ni impurity, will increase and the low
suppressed by applying the field&f ~ 200 G. The low  energy part of density of states will be suppressed because
field and the fact that the feature disappears is CO”SiSteB* finite gap everywhere on the Fermi Surface' as opposed
with the superconducting transition into second phase. Re&p nodes for the puré,:_, state. The increase of the gap
sults presented here might be relevant for the experimenn the Ni-doped Bi2212, compared to the pure case, was
tally observed transition &t in Bi2212 with Ni. observed in STM tunneling [10].

| begin by considering one impurity at sitg = 0 and Next, | consider a simple example of magnetically
interacting with conduction electrons vi#y in Ed. (1).  ordered state: the ferromagnetically ordered impurity
Similar to the approach of [8], one can find the anomalousgpins. Calculation, similar to the one above, yields

propagator in the presence of the single impurity scattering ' . 2ar 0 0
potential:F,, (k,k’) = F) (k)8(k — k') + F), (k,k'), F, (k) = —inmp 7gSsz,,(k) [0k X k].F, (k).

0 __ Ay cos20 0_ iw,+&
where F* = w§+§k+A§co§2®’G - w§f§k+A§co§2® a're (7)
the pure system propagato¥s;, (k,k’) is the correction The existence of the homogeneou&, component
due to impurity scatteringsk = (k, ©) are the magnitude FL (K) ~ —itimp ZlgSZAO sin2® is evident from

and angle of the momentumk on the cylindrical Fermi g equation. The relative phase of th&, com-
surfacew, is the Matsubara frequency, afid = ex — 4 ponent with respect tad,.—,. is determined by the
is the quasiparticle energy, counted from the Fermlsurfac%ign of S,. The gapA; has to be determined self-
We takeS to be' a classmal. variable anq ignore spin ﬂ'pconsistently provided there is interaction in the
scattering. To linear order in smallone finds channeliA (k) = TY,, o Vi(k.k')FL (k'). V!(k, k')
| N . 0 o Lk XK, does not have to be attractive, sinde_,. plays the
Fo, (k. k) 127 8S:Go, (K)F,, (K) |k — k/| ’ role of the source and\; will be generated for any
(5) sign and for any strength of interaction. | will assume
there is such interaction, and results below will be
xpressed in terms of the induced gap. With the
elp of this equation | find for the energy change due to
Ay 6F =1/2T Y, x Fi, (K)Aj(k) + H.c.

OF = _i/2(N() 1{) (N()A())Zjﬂ-(gsz)nimp + H.c. (8)

WhereF}Un(k, k') is the function of incoming and outgoing
momenta because of broken translation symmetry. Upo
integrating F! over k’ and going to integrated ovefi
propagator one finds

F,(0) = [ Mol ()
Equation (8) and single impurity result Eq. (6) are the
= iA,,(NogS;) (NoAp)sin20 . (6) main results of this section. From this equation | find
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the linear term Eq. (4) with sition, if at all, occurs af’; < 7., whereT, ~ 90 K is
2 the first transition temperature. Hence the order parame-
b = Njg — Nimp - (9) terAyp, which can be assumed to be real, is robust, and its
a

free energyF(Ap) cannot be expanded in\.

So far the spin flips were ignored. The relative phase Assuming expansion in powers of smdl}, A, near
of the second component is determined by the sigh,of second transition, the GL functionBl = F,. + Frpaen +
At high temperature§” > T, when spins are strongly Fjy is
fluctuating, the relative phase of thg, component is @ 2, 4
fluctuating strongly as well. This p%enomenon is an  Fe = F(Ao) + F 1A+ F 1A a2 =0,
interesting new realization of the superconducting phaser ., = “15” 1S.1> + 215,14, (10)
(dyy) coupled to the heat bath (fluctuating spins). Foo— —P(A*A — HC)S

If and when the impurity spins are slowing down or i = ~ 27 (AoAy C)S
even freezing out, then the phase scattering time becomes, should enter inFy, for it to be invariant under the
large and the phase ordering of the patches is possible; sgibal U(1) symmetry Ay — Ag; explif); see Eq. (8)
Fig. 1. Measurements indicate that spin flips of Ni sping13]. The homogeneous solution will have the lowest
are slowing down at low temperaturés=< 2 K. Specific  energy, and gradient terms are taken to be zero.
heat measurements on Ni-doped Bi2212 indicate additional All but F;, terms in the free energy Eg. (10) are
entropy, compared to undoped Bi2212, of the order obositive and cannot produce the instability of the original
nimp R In3, accumulated near 1 K [11]. The general shapei,._. state. Fi, can be negative since it is linear in
of the specific heat, associated with the impurity spins is\; and S., and this term is crucial in producing second
strikingly similar to the specific heat, observed in spintransition.
glasses [12]. A broad peak in the specific heat might Magnetic energyF,,.. has a temperature dependent
indicate the glassy behavior of spins at lower temperaturegoefficient

Next | will consider simple mean field theory of
the coupled magnetic impurities and superconducting a\(T) = aintimp(T = Tw) (1)
condensate. | ignore the fluctuations in the magnetignd vanishes af,,; a; is dimensionless.
subsystem and will assume that Ni impurities would order Considerr,.. The second and third terms i, de-

ferromagnetically ar,, in the absence of the interaction scribe the energy cost of opening the fu”y gapped state
with condensate. This is a drastic oversimplificationyjth A, when the interaction prefers to keep the node,
because of the possible spin-glass ordering discussgg pured,._,:, state. The change in free energy due
above. Nevertheless, the model presented below is useftd the secondary order parameter is given by the differ-
in understanding the coupling between impurity spins anénce in the energy of quasiparticles before and after the
condensate and the + id |nStab|l|ty of the Original state. Al Component is generated_ One can calculate the Change

I introduce the GL theory of the secondary superconin the energy of the superconductor subjected tdthrao-
ducting transitionAo — Ao + A; at7;, where bothAg;  geneousexternald,, source field and find an increase of
are homogeneous variables corresponding to the macr@nergy atA, < T < Ag : 8F,, = % A2 + % 1A

scopic ordering. The relative phase®f with respect o with ; = N,. Amplitude A, is taken to be constant on

the phase of\ is not fixedand will be determined by the the Fermi surface [3].

free energy minimization. Assume that the second tran- Fix A, to be real positive and the relative phase of
A, = |A | expliv) without loss of generality. Minimiz-

ing the functional Eq. (10) | find that the /2 relative
a) phase ofA; comes out naturally,
- \ / v = w/2sgn(bS.). (12)
d

This choice takes the maximum advantage of Ihé,
coupling, and minimizationrequires a complex order

parameterAy + iA; in the low temperature phaseT
b) and P are violatedspontaneouslgven at7,, = 0. The
minimization yieldsS, = m sinvAy|A| with

d+id 1 b2 "

1A = ?(mA% —ay) =x([T; - T)
FIG. 1. (@) Impurity sites with random spins at high tempera- x 2 2. £Ny

tures are shown. Spin flips lead to thig component averaged Te = Tn + 4" (NoAo) ntimp aja® >

to zero. (b) Upon slowing down and freezing of impurity spins yhere | used Eq.(9) in the last line. This is the main

the patches off = id with L, = =2 state near each Ni site are . . -
formed, shown with right (left) circulating current near each im-€Sult of this paper.  Solution Eg. (13) indicates that

purity site. At low temperatures Josephson tunneling locks théhe transition is of the second ordéF = — |A;|* ~
phase between patches, leading to the glabal id state. |T — T%|> with the jump in the specific heat. | assumed
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that|Ao(T)|?/ai (T — T,,) has a linear temperature slope fluid density due to the second component translates into
nearT:. Higher order terms i, e.g..yA;’A? + H.c.  the change in the penetration depth belfivwhich can
do not change this result and only renormalizg in  be detected. These and other experiments will help to re-
Eqg. (13) regardless of the sign of. From Fy,, once solve whether the proposed mechanism is correct.
the spin field is integrated out, the effective quadratic | am grateful to R. B. Laughlin, D.H. Lee, A. Leggett,
coupling is b?/a; and dominates neaf,. From the R.Movshovich, M. Salkola, and G. Volovik for the useful
solution of Eq. (13) the following results are noted. discussions. This work was supported by U.S. DOE.

(1) Even if T,, = 0 the ordering will occur atr; =
4772 imp (NoA)? ‘fll—’avﬁ However, the softness of the spin
system neafl,, enhances the effect and makés= T,
within this mean field approach. Taking the typical val-
ues for Bi2212 ofAy = 450 K, Er = 1/Ny = 3000 K
assuminga; ~ 1, and taking the characteristic value of
spin-orbit coupling of Ni in these compoundg/a ~
320 K [14], | find T*|7, —o = 0.3 K. In the real system,
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