PHYSICAL REVIEW B 69, 174502 (2004

Mixed-parity superconductivity in centrosymmetric crystals
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A weak-coupling formalism for superconducting states possessing both dienget parity and triplet(odd
parity) components of the order parameter in centrosymmetric crystals is developed. It is shown that the
guasiparticle energy spectrum may be nondegenerate even if the triplet component is unitary. The supercon-
ducting gap of a mixed-parity state may have line nodes in the strong spin-orbit coupling limit. The pseudospin
carried by the superconducting electrons is calculated, from which follows a prediction of a kink anomaly in
the temperature dependence of muon spin relaxation rate. The anomaly occurs at the phase boundary between
the bare triplet and mixed-parity states. The stability of mixed-parity states is discussed within Ginzburg-
Landau theory. The results may have immediate application to the superconducting serigs ,/R(QsSb;,.
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[. INTRODUCTION let states. The Gor’kov formalism is used to obtain the self-
consistent equation of the gap function and to calculate the
Very recently, magnetic susceptibility and electrical resis-pseudospin carried by the SC electrons. A kink anomaly in
tivity measurements on the filled skutterudite seriesthe temperature dependence of the muon spin relaxation rate
Pr(Os _4Ru),Shy, found that superconductivity exists in is expected on the boundary between the bare triplet and MP
the whole concentration rangex<1.! While PrRySh,,is  states.
a conventional swave superconductorwith T,=1 K,
PrOsShy, is a heavy fermion materialwith T,=1.85 K. Il. GINSBURG-LANDAU MODEL
There is experimental evidence that Py8lg, has two su-
perconductinQSC) phase%‘s and that the quasipartide en- The eXpIiCit form of the GL functional can be established
ergy spectrum has point node&These facts indicate that only if the transformation properties of the multidimensional
the SC order parameter is definitely unconventional. Zeroorder parameters with respect to the spatial symmetry trans-
field muon-spin relaxation{SR) measurements suggest thatformations are known. Thus far, the symmetry of the order
the pairing in PrOgSh;, can be triplet(odd parity.” The Parameter in PrQshb, has not been determined
competition between the conventionswave and triplet- unambiguously® Also, the effects of multidimensionality of
order parameters may result in the appearance of a new Ste order parameter are beyond the scope of this paper. Thus,
state in Pr(Os_,Ru,),Sh;, which has both singlet and triplet We adopt an effective one-component model which only
components and therefore is a mixed-pafMP) state. takes into account gauge, inversion and time reversal but not
So far, several systems in which MP SC states may occuie crystallographic symmetry. We denote by | 7€' 1 the
have been studied theoretically. Mineev and Samdkhinnonvanishing component of the singlet order parameter and
showed that the normal state may be unstable with respect B ¢=£/e'?2 that of the triplet order parameter. A homoge-
a helical MP structure if the product of the two different N€OUs situation in zero magnetic field is considered in the
parity representations of the symmetry group contains a vedollowing, so that the gradient terms of and ¢ are ne-
tor representation. The possible occurrence of MP states dwgdected. The GL potential is
to inhomogeneity of the order parameter in the Larkin-
Ovchinnikov-Fulde-Ferrel state was addressed in Refs. 9,10. F=a,[T— T (X)]| 7]+ ba[T—Teo(X)]| €2+ ay| 7|*
MP states in two-dimensional superconductors, in which bl g[4+ cy| |2 £]2+ Col 28 24 7 282), &

inversion symmetry is broken due to low dimensional-
ity, were studied by Gorkov and RashHalli;ﬁlasllly, anin-\hereTis temperature antl;; 5(X) are concentration depen-
) .dent transition temperatures for the singlet and triplet order
f)arameters, respectively. The latter can be roughly fitted to

about the
. . the experimental dataas linear functionsT.(x)=T41
In this paper, we analyze MP SC statesbmk crystals Ca(1-X)], To()=T{l-gx) with T,=12K, T,

m:,\h Ig\gseirs;gne>s<yrenrrinn?gnyt]alz?;Zrngtnaii%cnﬁgfldtﬁg ?\/Ii’ez(t:;[te)zein: 18K, «=1.07, ands=1.03. The rest of the parameters

P P . e in Eq. (1) are assumed to be undetermined const4hnts.
Pr(Os _,Ru)4Sh,. We discuss the possibility of the real- : . L :
LN . : F can be immediately minimized with respect to the rela-
ization of a MP state in terms of Ginzburg-Land&BL) . o . :

. . tive phaseA ¢= ¢, — ¢,. Depending on the sign af,, the

theory. We develop a weak-coupling formalism for MP Statesfollowin MP states are energetically favored
based on the generalized BCS appro¥ckVe obtain the 9 9 y
guasiparticle energy spectrum and show that it may be non-
degenerate even if the triplet componentuisitary. It is
shown that the gap function of the MP state in the strong
spin-orbit limit may havdine nodesin contrast to bare trip- Ap=0,m, nE*==|n/l& for c,<0. (2b)

ferromagnet/singlet superconductor multilayers.

Ap=ml2,3m2, n&*==xi|y||g for c,>0, (29
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2 The generalized mean-field BCS Hamiltoniatf'is
—~ (@ ®)
M 1.6 1
= normal normal _ + T
E 12 H= kZS e(K)ayayst 2 k’ESZ [Aslsz( k)akslafks2
I+
=
%0'8 . r - A;sz( - k)a—kslaksz]a (6)
5 g4 triplet . ‘singlet triplet  ; singlet
= 0. ’ \ ; + . - T
S ve ; wherea, (ays) is the creationannihilation operator of an
0 £ * L electron with wave vectok and pseudospifi s and the gap
0 02 04 06 08 1 0 02 04 06 08 1 . o
X X function matrix is
FIG. 1. Sketch of the phase diagram of Pr{Q&Ru,),Sb;,. ,
Solid lines represent a fit to the experimental déRef. 1). The Ags,(K)=— ,2 Vs 5,545, (KiK )<ak’s3a*k’s4>- ()
other lines are calculated from the mod#). (a) Broken lines are K'.53.84

the boundaries of the MP state foaf,>(c;—2|c,|)? [See Egs.
(3) and(4)]. (b) Dash-dot line represents a first-order phase bound
ary for 4a,b,<(c;—2[c,|)? [Eq. (5)].

The gap function is conveniently parametrized by an even
scalar functiony(k) =2, 5, 4;(k) for the singlet component
and an odd vectorial functioti(k) = =; &;d; (k) for the triplet
component. Heres;(k) andd;(k) are basis functions of the
irreducible representations of the point group apdand &,

are the corresponding order parametéis. the MP state the
gap function takes the form

The phase diagram of Eq.(1) adapted for
Pr(Os _,Ru)4Sh;, is shown in Fig. 1. If 4,b,>(cq

—2|cy))?, one of the MP state2) exists in the sector
bounded by two second-order transition lines

X)= CayTey(X) =288, Tea(X) 3) AA(k)=[¢(k)(}0+d(k)&]i(}y, ®

Cay—2a,83; where o is the 2<2 unit matrix ando=(oy,0,,0,) are
the Pauli matrices.

on the singlet side and The Bogoliubov transformation for the diagonalization of

) 2byt, Ty (X)— € B1Ten(X) “ Eqg. (6) yields the quasiparticle energy spectrum
2bya;—cpy Ev==Ve(k)*+ AL (k)% ©)

on the triplet side. If 4,b,<(c;—2|c,|)?, the MP state$2)  with two gapsA . (k) defined by
do not minimizeF and a first-order phase transition between

the bare singlet and triplet states occurs at the line AL (K)2=|g(k)|2+]d(k)[?=|p(k)+q(k)|, (10
_ where two real vectorp(k) = ¢(k)d* (k) + ¢* (k)d(k) and
T(x)= a1 Ter(X) 'Bl\/a—ZTCZ(X)_ (5)  q(k)=i[d(k)xd* (k)] are introduced. They are orthogonal
Vb, B\, to each other, therefore
Phenomenologically, therefore, both types of the phase Ip(k)+q(k)|=Vp(k)?+q(k)>. (12)

diagram shown in Fig. 1 may occur with the same probabil- ) ) )

ity in the sense that they are described by the same fourtdNote that ifq(k)#0, i.e.,d(k) andd* (k) are not collinear,

order model(1). Another doped system,U,Th,Be;zis an  thenp(k) is finite in the MP state. '

example in which the co-existence of two SC order param- It follows that the quasiparticle spectrut®) is degenerate

eters is preferred to the first-order phase transitiorPnly if p(k)=q(k)=0. Such a state corresponds to Ezp).

scenarid:’18 It is not invariant with respect to time reverskl, but it
possesses a combined symmetry eleméytm)1C, where

Ill. GENERALIZED BCS APPROACH U, is the gauge transformation amds inversion. In a time
reversal invariant MP state,q(k)=0 and p(k)
A realistic description of superconductivity in =2|¥(k)||d(k)| [see Eq.(2b)]. Then, the gap acquires the

Pr(Os _,Ru)4Sh;, should be based on a strong-coupling form

approach which would incorporate the superconductivity

mechanism and coupling of SC electrons to théRDsions. AL (k)2= (k)] =d(k)])2. (12

However, at present even the superconductivity mechanism As follows from Eq.(10), the gap of a MP state vanishes

of pure PrOgSh;, remains vague. In this paper our goal is toif both singlet and triplet components have nodes, i.e.,

elucidate the qualitative features of MP states rather than tg/(k)=0 and |d(k)L2: |d(k) < d*(k)|. In the strong spin-

make quantitative predictions. Hence, we use the weakerbit coupling limit?° these nodes can be found only at iso-

coupling approach, implicitly assuming that the main ingre-lated points on the Fermi surf&é&° unless the Fermi sur-

dients of the theory, the band energy relative to the chemicahce crosses the boundary of the Brillouin zéfhé&lowever,

potential e(k) and the pairing interaction matrix element A_ may have additiondine nodesf p#0, as illustrated by

Vs s,s.5,(K.k"), depend on the Ru concentratign the following example.
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Keeping in mind the possible application to
Pr(Os _,Ru),Sh;,, we consider g-wave state which may
arise underT,, crystallographic symmetry. Time reversal
symmetry is broken in the SC state of P;Oky,.’ Here, for
the sake of simplicity, a time-reversal invariant admixture of
s andp-wave states is considered, in which the gap takes the
simple form(12). We can show that this simplification does
not affect the main result, line nodes may exist for fimgjtas
well. FIG. 2. (Color onling Line nodes in the SC gap of the time-

Let us take ap-wave state belonging to the irreducible reversal invariant admixture af and p-wave stateg13) for |£,|
representatioff, of T},. This representation has two linearly >|&|. @ [7]<[&][; (b) [7]=|&l; (© [&]<[7]<[&].
independent sets of basis functidisTherefore, in general, + ,
one should take into account two order parameters of th ¢ A ss/(k’T? temperature Greegs
same symmetry. We consider the state denoted (0,0,1) in tgnctions in the MP state are obtained in the usual Way.
order parameter spa&The MP gap function is given by | "€ Green's functions are defined as

émd anomalous-gy(k,7), F

P =75, d(K)=Ekg+ EkX, (13) Gsy (K, 7)=—(T {ars( Ty (0)})

wheren, &, andé, are theT andx dependent order param- Fog (K, 7)=(T {ays(7)a_ys (0)})
eters.A (k) vanishes at two lines defined by the equation

Flg(k,n=(TAa" (nal, (0)}), (15

whereT . is the imaginary time ordering operator. The Fou-

| €1 2KE+ | £,]2K2=| 7|2, (14)

The line nodes exist whilep|<max(&,,|&)|). This condition R . - N
is obeyed close to the boundary with the bare triplet statefer transform is A(k,7) =TZA(k,wp)e”'“"", where A
Figure 2 shows the line nodes on a unit spherical Fermétands forG, F, or F': T is temperature and,=7T(2n
surface for|&;|>|&,|. Note that in this example the line +1) is the Matsubara frequency for fermions.
nodes arenot remnants of line nodes of the singlet state, The resulting Gor’kov equations for the Fourier trans-
which is fully gapped, but rather they appear due to a distorforms are
tion of point nodes of the triplet component. R o R
[iwn—e(K)]G(k,@p) +A (K)FT(k, wp) = 0q,
IV. GREEN’'S FUNCTIONS AND GAP EQUATION

iw,+e(K)]FT(K,w,)+AT(K)G(k,w,)=0. (16
Beginning with the equations of motion for Heisenberg [ionte(oIFi(kwn) ()G (k,wn) (16)

operators, the Gor’kov equatidiigor the normalG.g (k, 7) They are solved by

—[w2+e(k)2+ (k) |[2+|d(k)| 2] oo+ [p(k) +a(k) ]o

G(k,w,) =
(k.n) (02+EZ, )(w2+E2)

[lw,te(k)],

- [wnte(K)?+|y(k)[?+]d(k) [JA (k) — |p(k) Q(k)|(l(k)
K.w,)= 7)
Fon (“’ﬁ Ei+)(‘*’ﬁ Ei—) 1 *

where where

Bk = eI+ Luk)p(k) +ig(k) xd(k) e - A k) +Q(k) I‘(EH)

ioy). 7 =7
[p(K) + (k)| ) AT =g @ 57
(18)
The denominator introduced in the definitionf@(k) allows (20
one to put the self-consistent gap equation in a concise form.
Using Eqgs.(7), (15), and(17) one obtains

+“A(k>—fz(k>t nr(EL)
2, Mo )

V. MUON SPIN ROTATION IN MIXED-PARITY STATES

Ags,(K)=— > Vs,s,5,8, (K K') Fos, (K" T), (19 SR measurements are widely used to reveal the nature
k'.s3.54 of a SC state as they provide invaluable information about
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the distribution of the local magnetic field. There are sev- Where the indiceq) and | denote the pseudo-spin-up and
eral possible sources of internal magnetic fields in supercorPseudo-spin-down states, respectively. Using Etf, (17),
ductors. They include magnetic moments of localized stateind (22), and the oddness gf(k), one obtains the average
two-digAegzs:ional imperfections such as domain walls and th@seudospin of the Cooper pairs,

surface;““ and magnetic moment of Cooper pairs. Sigrist

and Ricé’ showed that the latter contribution always van- g1)=> e(k)q(k) [tanh(E,_/2T) tanh(E./2T)
ishes in singlet pairing states, and it is nonvanishing in bare K |p(k)+a(k)| 4B, 4B
triplet states only ifg(k) # 0. The zero-fielg«SR spectra are
usually fitted using of the Kubo-Toyabe functfén

(23

Hence, as in the case of a bare triplet st&d,) vanishes if
g(k)=0. If the bare triplet state is nonunitafy(k)+# 0]
then, as follows from Eq(23), the temperature dependence
of § has a kink at the point of the bare triplet-to-MP phase
transition with a discontinuity indé/dT proportional to
dp(k)?/dT.

g(H)=3+3(1- &*t})exp — 3 6°7), (21)

wheret is time and the relaxation rat is proportional to
J(H?). The temperature dependence®fn the MP states
can be obtained using the Green’s functigh¥).

A calculation of the actual magnetic moment with strong
spin-orbit coupling requires detailed knowledge of the elec-

tronic band structure. At every poilktin momentum space, Using a GL-type model, we showed that a MP SC state
i ; i ’

the.operatorsaks anday, can b? express_ed as Imegr combi- can pe stable in a finite region of tfex phase diagram of

nations of B_Ioch sums consisting of orbital and spin parts. Inpy(0g _,Ru,),Shy,. The phase transitions from the bare sin-

the calculation of the magnetic moment, a quadratic form ofjlet and triplet states to the MP state are second order. The

the coefficients of this transformation will be an additional general formalism describing the MP states within BCS ap-

VI. SUMMARY

factor in the summand of the resulting expressi@g) (see
below). However, the qualitative features &{T) may be

proach is developed. The quasiparticle energy spectrum is
degenerate only ip(k)=q(k)=0. The gap in the MP state

discerned by calculating the average pseudospin of the Cogun have line nodes in strong spin-orbit coupling limit if

per pairs'® The pseudospin operator is defined as

1
S=3 Ek: (afgany+af;ax),

i
— T T
Sy=7 2 (~akau+ayax),

1

8,5 2 (g~ ayan), (22

p(k) #0. Normal and anomalous Green’s functions and the
self-consistent gap equation are obtained. The MP state may
be experimentally indicated by line nodes in the gap of the
quasiparticle spectrum and a kink @SR relaxation rate
o(T).
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