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Superconducting states in ferromagnetic metals
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The symmetry of the superconducting states arising directly from the ferromagnetic states in crystals with
cubic and orthorhombic symmetries is described. The symmetry nodes in the quasiparticle spectra of such
states are pointed out if they exist. The superconducting phase transition in the ferromagnet is accompanied by
the formation of superconducting domain structure consisting of complex conjugate states imposed on the
ferromagnet domain structure with the opposite direction of the magnetization in the adjacent domains. The
interplay between stimulation of a nonunitary superconducting state by the ferromagnetic moment and supres-
sion of superconductivity by the diamagnetic orbital currents is established.
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I. INTRODUCTION

A new class of superconducting materials has been
vealed very recently where the superconducting state app
from another ordered state of the material—namely, the
romagnetic state. There are now several metallic compou
demonstrating the coexistence of superconductivity and
erant ferromagnetism. These are UGe2,1,2 ZrZn2,3 and
URhGe.4 The superconducting states in these materials h
to be preferably spin triplet to avoid the large depairing
fluence of the exchange field. Moreover it seems reasona5

that these are the states where only electrons with the
down direction of the spins are paired, as is the case in
A1 phase of superfluid He-3.6 Then the interaction betwee
ferromagnetic and Cooper pair magnetic moments w
stimulate the superconducting state. The explanation of
phase diagram of ZrZn2 based on this idea has bee
proposed.7 At first sight it seems plausible because ZrZn2 has
a cubic crystalline structure allowing multicomponent u
conventional superconducting states with spontaneous m
netization. On the contrary the first discovered ferromagn
superconductor UGe2 has an orthorhombic structure. Th
orthorhombic point group obeys only one-dimensional r
resentations that prevents the formation of a superconduc
state with spontaneous magnetization in the crystals w
strong spin-orbital coupling as a result of a spontane
phase transition from the normal state.8 However Fomin has
recently9 shown that the magnetic superconducting pha
may arise from the normal ferromagnet state even in
orthorhombic crystal with strong spin-orbital coupling.
means that in this case the stimulation of the supercond
tivity by the ferromagnetism also takes place.

The goal of this article is to present the detailed analy
of the problem of interaction of triplet pairing supercondu
tivity with magnetization in the ferromagnetic metals. To i
vestigate this problem one must first have the symmetry c
sification scheme for the superconducting states arising f
the ferromagnetic normal state. The point is that the clas
cation of unconventional superconducting states arising f
a nonmagnetic normal state, that has been establishe
Refs. 10–12, does not include the new ferromagn
0163-1829/2002/66~13!/134504~7!/$20.00 66 1345
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superconducting states arising from the normal state w
broken time reversal symmetry. So, the discussion of in
play of the stimulation of superconductivity by the ferroma
netism of itinerant electrons and the suppression of su
conductivity by diamagnetic currents is forestalled by t
symmetry classification of possible triplet superconduct
states arising directly from a normal ferromagnet state
crystals with an inversion center. All superconducting ma
netic classes in the crystals with orthorhombic~Sec. II! and
cubic symmetry~Sec. III! are described and the correspon
ing superconducting order parameters are presented. Th
isting symmetry nodes in the spectra of the elementary e
tations are pointed out. It is shown that in th
superconducting state the ferromagnetic domain struc
with opposite direction of magnetization in the adjacent d
mains causes the appearance of the superconducting do
structure with the complex conjugate order parameters
the opposite directions of the Cooper pair magnetic m
ments.

II. SUPERCONDUCTIVITY IN THE FERROMAGNET
ORTHORHOMBIC METALS

A. Superconducting states

Let us consider first a ferromagnetic orthorhombic crys
with spontaneous magnetization along one of the symm
axis of the second order chosen as thez direction. The sym-
metry group

G5M3U~1! ~1!

consists of the so called magnetic class13 M and the group of
the gauge transformationsU(1). Any magnetic supercon
ducting state arising directly from this normal state cor
sponds to the one of the subgroups of the groupG charac-
terized by broken gauge symmetry. In the given caseM is
equal toD2(C2

z)5(E,C2
z ,RC2

x ,RC2
y), whereR is the time

reversal operation. Let us look first on the subgroups oG
being isomorphic to the initial magnetic groupD2(C2

z) and
constructed by means of combining its elements with ph
©2002 The American Physical Society04-1



ns

k
ro

s
ag
pe
rig

on

e

-
he
rt
r,

rr

on

s

he
g

te
r

ca-
ns

cor-
ffer-
long-
of

he
ng
nta-
r-
ar-
in

by
ch

nd

a-
p

qual
-

etry
a-

etry

pre-
ffer-
the

the
-
atrix
er
n-
per-
te

V. P. MINEEV PHYSICAL REVIEW B 66, 134504 ~2002!
factor eip being an element of the group of the gauge tra
formationsU(1). Theexplicit form of these classes are

D2~C2
z!5~E,C2

z ,RC2
x ,RC2

y!, ~2!

D̃2~C2
z!5~E,C2

z ,RC2
xeip,RC2

yeip!, ~3!

D2~E!5~E,C2
zeip,RC2

xeip,RC2
y!, ~4!

D̃2~E!5~E,C2
zeip,RC2

x ,RC2
yeip!. ~5!

The superconducting states are characterized by bro
gauge symmetry. At the same time the phase transition f
the normal paramagnetic state with symmetryD23U(1) to
the normal ferromagnetic state with symmetryD2(C2

z)
3U(1) obeys this symmetry. That is why the phase tran
tion from a normal paramagnetic state to a normal ferrom
netic state and from a normal ferromagnetic state to a su
conducting ferromagnetic state cannot have the same o
contrary to the statement in the paper.9 As a result the corre-
sponding phase transition lines may intersect each other
accidentally in isolated points in the (P,T) plane. In particu-
lar there is no reason for the coincidence of these lines
actly in the quantum critical point atT50. In the existing
orthorhombic compound UGe2 the ferromagnetism and su
perconductivity atT50 disappear simultaneously above t
critical pressure about 17.6 kbar, the low-temperature pa
para-ferro phase transition near this pressure is, howeve
first order.2

To each of the superconducting magnetic classes co
sponds an order parameter. All these vector~triplet! order
parameters in the crystal with inversion center and str
spin-orbital coupling have the form8

d~R,k!5h~R!C~k!, ~6!

C~k!5 x̂f x~k!1 ŷf y~k!1 ẑf z~k!, ~7!

wherex̂,ŷ,ẑ are the unit vectors of the spin coordinate sy
tem pinned to the crystal axes andf x(k), . . . , are the odd
functions of momentum directions of pairing particles on t
Fermi surface. FunctionsC(k) for each superconductin
state obey a normalization condition

^C* ~k!C~k!&51, ~8!

where the angular brackets denote the averaging overk di-
rections.

The general form of the order parameters for the sta
~2!–~5! have been pointed out in Ref. 9. We write them he
in a somethat different form:

CA1~k!5 x̂~kxu1
A11 ikyu2

A1!1 ŷ~kyu3
A11 ikxu4

A1!

1 ẑ~kzu5
A11 ikxkykzu6

A1!, ~9!

CA2~k!5 x̂~ ikxu1
A21kyu2

A2!1 ŷ~ ikyu3
A21kxu4

A2!

1 ẑ~ ikzu5
A21kxkykzu6

A2!, ~10!
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CB1~k!5 x̂~kzu1
B11 ikxkykzu2

B1!1 ŷ~ ikzu3
B11kxkykzu4

B1!

1 ẑ~kxu5
B11 ikyu6

B1!, ~11!

CB2~k!5 x̂~ ikzu1
B21kxkykzu2

B2!1 ŷ~kzu3
B21 ikxkykzu4

B2!

1 ẑ~ ikxu5
B21kyu6

B2!, ~12!

whereu1
A , . . . , arereal functions ofkx

2 ,ky
2 ,kz

2 . It is worth

noting that the stateCA2 transforms asi CA1* and the state

CB2 transforms asi CB1* .
From the expressions for the order parameters~9!–~12!

one can conclude that the statesA andB have in general no
symmetry nodes in the quasiparticle spectrum. Only oc
sional nodes appear for a particular form of the functio
u1

A , . . . .
The classification of the states in quantum mechanics

responds to the general statement by Wigner that the di
ent eigenvalues are related to the sets of eigenstates be
ing to the different irreducible representations of the group
symmetry of the Hamiltonian. In particular, in absence of t
time inversion symmetry violation, the superconducti
states relating to the nonequivalent irreducible represe
tions of the point symmetry group of crystal obey the diffe
ent critical temperatures. Similarly the eigenstates of the p
ticles in the ferromagnetic crystals are classified
accordance with corepresentationsG of magnetic groupM of
the crystal.14 The latter differs from usual representations
the law of multiplication of matrices of representation whi
is G(g1)G(g2)5G(g1g2) for elementsg1 ,g2 of groupM if
elementg1 does not include the time inversion operation a
G(g1)G* (g2)5G(g1g2) if elementg1 does include the time
inversion. The matrices of transformation of the order p
rameters~9!–~12! by the symmetry operations of the grou
D2(C2

z)5(E,C2
z ,RC2

x ,RC2
y) are just numbers~characters!.

As usual for one-dimensional representations they are e
61. For the stateA1 ~9! which is a conventional supercon
ducting state obeying the complete point-magnetic symm
of initial normal state they are (1,1,1,1). For the order p
rameterA2 ~10! they are (1,1,21,21), where21 corre-
sponds to the elements of the superconducting symm
class~3! containing the phase factoreip. The same is true for
the table of characters of the other states. So all the core
sentations in the present case are real, however, their di
ence from the usual representations manifests itself in
relationship of equivalence.

The two corepresentations of the groupM are called
equivalent15 if their matrices G(g) and G8(g) are trans-
formed to each other by means of the unitary matrixU as
G8(g)5U21G(g)U if the elementg does not include the
time inversion and asG8(g)5U21G(g)U* if the elementg
includes the time inversion. The corepresentations for
pair of statesA1 and A2 are equivalent. In view of one
dimensional character of these corepresentations the m
of the unitary transformation is simply given by the numb
U5 i . The statesA1 andA2 belong to the same coreprese
tation and represent two particular forms of the same su
conducting state. It will be shown below that if we have sta
4-2
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A1 in the ferromagnet domains with the magnetization
rected up the superconducting state in the domains w
down direction of the magnetization corresponds to the
perconducting stateA2. The same is true for the pair of state
B1 andB2.

The critical temperatures of the phase transition from
ferromagnetic normal state to the superconducting state
lating to the nonequivalent corepresentations are in gen
different. The latter is guaranteed by the property of the
thogonality of the order parameters relating to the n
equivalent corepresentations

^CA* ~k!CB~k!&50. ~13!

The critical temperatures of equivalent statesA1 and A2 in
the ferromagnetic domains with the opposite orientations
magnetization are equal~see below!.

B. Stimulation of superconductivity by ferromagnetism

All the listed above superconducting phases are in p
ciple nonunitary and obey the Cooper pair spin momentu

S5 i ^C* 3C&5
i

4
^ f 2* f 22 f 1* f 1&, ~14!

where f 65 f x6 i f y and Cooper pair angular momentum

L5 i K C i* S k3
]

]kDC i L . ~15!

The spontaneous Cooper pair magnetic moment as it is c
from Eq. ~14! is proportional to the difference in the densi
of populations of pairs with spin up and spin down. In s
perfluid He-3 in theA1 state, only Cooper pairs with spi
down are present. Their magnetic moments interact with
ternal field giving rise to an increase of the critical tempe
ture of the phase transition to the superfluid state. In
ferromagnetic metals with strong spin-orbital coupling the
are the Cooper pairs with any projection of the total sp
However, the dependence of the critical temperature of
superconducting phase transition from the ferromagnet m
netization also exists. On the microscopic level this dep
dence originates from the difference of the pairing inter
tion and the density of states on the Fermi surfaces for
particles with opposite spin projections~see below!. Here
one needs to note that as usual the word ‘‘spin’’ means in
‘‘pseudospin’’ and it is used to denote Kramers double
generacy of electron states in a metal with spin-orbital c
pling.

On the phenomenological level the shift of the critic
temperature determined mostly by the magnetic field ac
on the electron spins can be described by the following te
in the Landau free energy expansion

2N0f S mBH

«F
D uhu2, ~16!

whereN0 is the electron density of states on the Fermi s
face,mB is the Bohr magneton, the functionf (x);x at small
values of its argument. The magnetic field
13450
-
th
-

a
re-
ral
r-
-

f

-

ar

-

x-
-
e
e
.
e
g-
-
-
e

ct
-
-

l
n
m

-

H5Hex1Hext ~17!

consists of the exchange fieldHex and the external magneti
field Hext. Let us stress a very important difference betwe
these fields.Hex is frozen into the crystal. It is transforme
with any operation of the point symmetry group and co
pletely invariant under magnetic symmetry classD2(C2

z)
transformations.Hext does not relate to these transformation
but as any magnetic field, changes the sign under time in
sion.

The exchange field acting on the electron spins stimula
the nonunitary superconducting state. The resulting enha
ment of the critical temperature in the absence of an exte
field can be estimated as

Tc~Hex!2Tc

Tc
'

mBHex

«F
. ~18!

The exchange field determines the relative shift of the Fe
surfaces for the spin up and spin down quasiparticles. O
can estimate the value of this field for UGe2 by its Curie
temperature. Taking into account that at temperatures lo
than'20 K the phase transition into ferromagnet state sta
to be of first order16 one can say thatHex. is lying in the
interval'(20 T,40 T) in the whole interval of the pressure
where superconductivity exists.

Unlike in He-3, in ferromagnetic superconductors t
magnetic field acts through the electron charges on the
bital electron motion to suppress the superconducting st
The reduction of the critical temperature due to the orb
effect is

Tc~Hem!2Tc

Tc
'2

j0
2Hem

F0
'2

«FmBHem m

Tc
2 m*

, ~19!

wherem and m* are bare and effective electron mass. T
electromagnetic fieldHem acting on the electron charges
determined by the modulus of the sum of the vectors of
external magnetic field and the dipole field of its own ferr
magnet magnetic moment. The latter is much smaller t
Hex. In the absence of the external field one can estimate
value of theHem by the value of the magnetic moment de
sity which in UGe2 is less than 1 kG.1,2

The estimations~18! and ~19! shows that the stimulation
of a nonunitary superconductivity by ferromagnetism tak
place at

Hex

Hem
.

«F
2 m

Tc
2 m*

. ~20!

The interplay between the effects of the stimulation and
suppression of the critical temperature in ferromagnetic
perconductors can in principle determine the phase diagr
of these materials as it was suggested in particular for
ZrZn2 in the paper.7

It is worth noting however that the estimation~20! is valid
far enough from the quantum critical pointTc(P)50. Near
this point the coherence lengthj0 in Eq. ~19! must be sub-
stituted by a mean free pathl.17 As result in the quantum
4-3
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critical point vicinity we obtain instead Eq.~20! another cri-
terion for stimulation of superconductivity by ferroma
netism

Hex

Hem
.~kFl !2

m

m*
. ~21!

This criterion is quite general and applies to ferromagne
superconductors with any crystal symmetry sufficiently clo
to the pressure where superconductivity disappears.
fulfillment of it is necessary in particular for validity o
the explanation of the phase diagram in ZrZn2 proposed in
Ref. 7.

One can find the confirmation of these qualitative e
mates from the equation for the critical temperature of
superconducting phase transition8 written ~For simplicity we
will not use the complete form of the equation for the ord
parameter taking into account the effect of spontaneous
bital magnetism.18! for one of superconducting state~9!–~12!
in frame of some particular model of pairing

Dab~R,r !52T(
v

E drVba,lm~r ,r 8!Gv
lg~r !G2v

md ~r !

3exp@ i rD ~R!#Dgd~R,r !, ~22!

where

D~R!52 i
]

]R
1

2e

c
A~R!, ¹3A5Hem,

Dab~R,r !5d~R, r̂ !gab ,

Vba,lm
G ~ r̂ , r̂ 8!52

V

2
@FG~ r̂ !gba#@FG* ~ r̂ 8!glm

† #, ~23!

gab5 i (ssy)ab , s5(sx ,sy ,sz) are the Pauli matrices. Th
functions

FG~ r̂ !5 x̂gx
G~ r̂ !1 ŷgy

G~ r̂ !1 ẑgz
G~ r̂ ! ~24!

are related to the particular corepresentation and in its
ticular form CG ~9!–~12!. For instance forA1 case it is

FA1~ r̂ !5 x̂~ r̂ xv1
A11 i r̂ yv2

A1!1 ŷ~ r̂ yv3
A11 i r̂ xv4

A1!

1 ẑ~ r̂ zv5
A11 i r̂ xr̂ yr̂ zv6

A1!, ~25!

wherev1
A , . . . , arereal functions ofr̂ x

2 , r̂ y
2 , r̂ z

2 . The normal
metal electron Green functions are diagonal 232 matrices

Gv
lg~r !

5E dp

~2p!3
eip•r$@ iv2j~p!#s012g~p!mBszHex%lg

21 .

~26!

Herej(p) andg(p) are correspondingly the momentum d
pendent quasiparticle spectrum andg factor. It is convenient
to work with the Green functions by introducing the follow
ing notations:
13450
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Ĝv~r !5
1

2
$@Gv

↑ ~r !1Gv
↓ ~r !#s01@Gv

↑ ~r !2Gv
↓ ~r !#sz%.

Using the general form of self-consistency equation~22!
one can easily obtain the following system of equations:

^g2* ~ r̂ ! f 2~ r̂ !&h~R!5^g2* ~ r̂ !g2~ r̂ !&L̂h~R!, ~27!

^gz* ~ r̂ ! f z~ r̂ !&h~R!5^gz* ~ r̂ !gz~ r̂ !&L̂h~R!, ~28!

^g1* ~ r̂ ! f 1~ r̂ !&h~R!5^g1* ~ r̂ !g1~ r̂ !&L̂h~R!, ~29!

where the combinationsg65gx6 igy , gz , and f 65 f x
6 i f y , f z correspond to the pairing interaction and the ord
parameter amplitudes with spins up-up, down-down, a
zero projection of the pair spin on thez direction. The angu-
lar brackets denote the averaging over the directions of
vector r̂ and the integral operator in the right-hand side is

L̂h~R!5
1

2
VT(

v
E dr$g2* ~ r̂ ! f 2~ r̂ !Gv

↑ ~r !G2v
↑ ~r !

1gz* ~ r̂ ! f z~ r̂ !@Gv
↑ ~r !G2v

↓ ~r !1Gv
↓ ~r !G2v

↑ ~r !#

1g1* ~ r̂ ! f 1~ r̂ !Gv
↓ ~r !G2v

↓ ~r !%exp@ i rD ~R!#h~R!.

~30!

One must to add to this equation the normalization condit
~8!

K 1

2
@ f 1* ~ r̂ ! f 1~ r̂ !1 f 2* ~ r̂ ! f 2~ r̂ !#1 f ż

* ~ r̂ ! f z~ r̂ !L 51.

~31!

After finding of the eigen functionh(R) of the operatorL̂
one must find the critical temperature from the condition
zero value of the determinant of the linear system of eq
tions ~27!–~29! for the amplitudeŝg* f &. It is worth noting
that, for the interaction in the form ofA1 state, the order
parameter can be chosen correspondingly as belongin
one ofA1 or A2 states. As a result all the amplitudes^g* f &
will be correspondingly real or imaginary and we deal w
the system of equations of the third order determining criti
temperature common for the both states. The same is co
for the B type corepresentation.

Then the appearance of the linear shift of the critical te
perature due to exchange field~18! follows trivially from the
linear shifts of the amplitudes

^g2* g2&2^g2* g2&Hex50;2
mBHex

«F
,

^g1* g1&2^g1* g1&Hex50;
mBHex

«F
,

4-4
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E dr @Gv
↑ G2v

↑ 2Gv
↑ ~Hex50!G2v

↑ ~Hex50!#;2
mBHex

«F
,

E dr @Gv
↓ G2v

↓ 2Gv
↓ ~Hex50!G2v

↓ ~Hex50!#;
mBHex

«F
.

To demonstrate the validity of two latter relationships it
enough to look at the expression for electron Green func
in a normal metal with isotropic spectrumj(p)5j and iso-
tropic g factor g(p)51/2 ~see Ref. 18!:

Gv
l ~r !52

pN0

p0r
expS ip0

lr sgnv2
r uvu

v0
l D , ~32!

here p0
l5@2m(«F2lmBHex)#1/2, p05p0

l(Hex50) is the
Fermi momentum,l5↑,↓ or 11,21, v0

l5p0
l/m, is the

Fermi velocity on the corresponding sheet of the Fermi s
face,v05p0 /m, N0mp0/2p2 is the density of states on th
one spin projection.

As for the second term in the right-hand side of Eq.~30!
due to the difference in the Fermi momenta with spin up a
spin down it contains the fast oscillating products of tw
Green functions and starts to be negligibly small. The sm
ness of this term, however, does not result in the disapp
ance of the amplitudef z of the Cooper pair state with zer
projection of spin because all three amplitudesf 1 , f 2 , f z
obey coupled linear equations~27!–~29!. This fact is the di-
rect consequence of the strong spin-orbital coupling. Un
this, in the superfluid He-3, all three amplitudesf 1 , f 2 , f z
obey independent equations characterized by different c
cal temperatures18 such that the amplitudesf 1 and f z are
equal to zero at the critical temperature where the amplit
f 2 appears.

Generally speaking the second term in Eq.~30! promotes
the appearance of the oscillating solution

h~R!5h~x,y!eiQz. ~33!

On the other hand, the first and the third terms in Eq.~30!
make these oscillations nonprofitable~oscillations in the or-
der parameter decrease the critical temperature!. In supercon-
ductors withs pairing the appearance of a solution with no
vanishingQ or so called Fulde-Ferrell-Larkin-Ovchinniko
state19,20 is possible for large enough values ofHc2

orb in com-
parison with the paramagnetic limiting field.21 In supercon-
ductors with triplet pairing whenHex@Hc2

orb one would not
expect the appearance of FFLO state. This question, h
ever, demands a special investigation in the frame of so
particular model of pairing interaction. One can find a qu
look on the problem in the paper.22 It should be mentioned
also that inhomogeneous superconducting states break
space parity. This demands in principle a generalization
the classification of the superconducting states propose
the present paper.

C. Domain structures

To discuss the domain structures in the ferromagnetic
perconductors in the absence of the external magnetic
13450
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let us assume that we have interactions~23!, ~24! in the form
corresponding toA1 andA2 states such that the correspon
ing functionsv i

A1 andv i
A2 are equal. Let us fix the solution

of the two corresponding sets of equations~27!–~29! as re-
lating to A1 andA2 states.~As it has been mentioned abov
one can discuss conversely the pair of solutions relating
respondingly toA2 and A1 states. This choice does no
change the conclusions of this subsection.! Such a pair of
states possess equal and opposite direction Cooper pair
netic moments. It is easy to see that the following equalit
are obeyed:

^g2

A1* g
2

A1&5^g1

A2* g
1

A2&, ^g1

A1* g
1

A1&5^g2

A2* g
2

A2&,

^gz

A1* gz
A1&5^gz

A2* gz
A2&.

Hence, if the stateA1 is the solution of the system of equa
tions ~27!–~29! with critical temperatureTc , the stateA2 is
the solution of the same system with opposite direction
theHex and the same critical temperature. This means, if
pairing interaction in the ferromagnet with up direction
Hex corresponds to the pureA1 state, the superconductin
states in ferromagnetic domains with opposite orientation
magnetization will beA2. One can say that this is the con
sequence of the above mentioned property of conjugacy
tween the statesA1 andA2. The same is true for another pa
of conjugate statesB1 andB2.

The ferromagnet domain structure with alternating u
down direction of the magnetization is always accompan
by the superconducting domain structure with alternat
properties of the complex conjugacy of the order parame
and alternating up-down direction of the Cooper pair ma
netic moment. The superconducting order parameter di
bution in the vicinity of the domain wall between of tw
adjacent domains demands special investigation.

It is quite natural that the Abrikosov vortices having in th
A1 state some fixed direction of the current and flux w
have opposite orientations of the current and flux in the
jacent ferromagnet domain with the opposite direction
magnetization. We stress once again that these conclus
have been obtained in the absence of the external mag
field. The Abrikosov state in the ferromagnetic supercondu
ors in the presence of the external field has been discuss
frame of phenomenological approach by Sonin and Felne23

III. SUPERCONDUCTIVITY IN FERROMAGNET METALS
WITH CUBIC SYMMETRY

Symmetric orientations of magnetic moments in cub
crystals along the symmetry axes of the fourth or of the th
order give rise to a decreasing of the initial cubic symme
of the normal state to the magnetic classesD4(C4)
5(E,C4 ,C2 ,C4

3 ,RUx ,RUy ,RU8,RU9) and D3(C3)
5(E,C3 ,C3

2 ,RU1 ,RU2 ,RU3), correspondingly.13 Let as
look first at the tetragonal magnetic class.
4-5
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A. Tetragonal magnetic classD4„C4…

As before we construct first the groups being isomorp
to the initial magnetic groupD4(C4) by means of combining
its elements witheip ande6 ip/2 phase factors from the grou
or

th

e

13450
c

of the gauge transformationsU(1). The explicit form of
these superconducting magnetic classes are

D4~C4!5~E,C4 ,C2 ,C4
3 ,RUx ,RUy ,RU8,RU9!, ~34!
D̃4~C4!5~E,C4 ,C2 ,C4
3 ,eipRUx ,eipRUy ,eipRU8,eipRU9!, ~35!

D̃4~D2!5~E,eipC4 ,C2 ,eipC4
3 ,RUx ,RUy ,eipRU8,eipRU9!, ~36!

D̃4~D28!5~E,eipC4 ,C2 ,eipC4
3 ,eipRUx ,eipRUy ,RU8,RU9!, ~37!

D4~E!5~E,eip/2C4 ,eipC2 ,e3ip/2C4
3 ,eipRUx ,RUy ,e3ip/2RU8,eip/2RU9!, ~38!

D4~E!5~E,e3ip/2C4 ,eipC2 ,eip/2C4
3 ,eipRUx ,RUy ,eip/2RU8,e3ip/2RU9!. ~39!
of
rn

ite
nce

rom

up
nts

y

e

The order parameters of the superconducting states c
sponding to these classes are

CA1~k!5 x̂~kxu1
A12 ikyu2

A1!1 ŷ~kyu1
A11 ikxu2

A1!

1 ẑ@kzu3
A11 ikxkykz~kx

22ky
2!u4

A1#, ~40!

CA2~k!5 x̂~ ikxu1
A22kyu2

A2!1 ŷ~ ikyu1
A21kxu2

A2!

1 ẑ@ ikzu3
A21kxkykz~kx

22ky
2!u4

A2#, ~41!

CB1~k!5 x̂~kxu1
B11 ikyu2

B1!1 ŷ~2kyu1
B11 ikxu2

B1!

1 ẑ@kz~kx
22ky

2!u3
B11 ikxkykzu4

B1#, ~42!

CB2~k!5 x̂~ ikxu1
B21kyu2

B2!1 ŷ~2 ikyu1
B2

1kxu2
B2!1 ẑ@ ikz~kx

22ky
2!u3

B21kxkykzu4
B2#,

~43!

CE1~k!5~kx1 iky!@ ẑu1
E11 ikz~kxŷ2kyx̂!u2

E1#

1~ x̂1 i ŷ !@kzu3
E11 ikxkykz~kx

22ky
2!u4

E1#,

~44!

CE2~k!5~kx2 iky!@ ẑu1
E21 ikz~kxŷ2kyx̂!u2

E2#

1~ x̂2 i ŷ !@kzu3
E21 ikxkykz~kx

22ky
2!u4

E2#,

~45!

whereu1
A1 , . . . , arereal functions ofkx

21ky
2 ,kz

2 .
As for the orthorhombic case the statesA1 ,A2 andB1 ,B2

represent the pairs of equivalent corepresentations. Ano
two superconducting statesE1 and E2 are related to non-
equivalent corepresentations. In total there are four differ
superconducting states. The statesA and E6 have no sym-
re-

er

nt

metry zeros in the quasiparticle spectra. Only the statesB
type have symmetry points of zeros lying on the northe
and southern poles of the Fermi surfacekx5ky50. This is
easy to see directly from the expressions~40!–~45!.

Again in alternating ferromagnet domains with oppos
directions of the magnetization there is alternating seque
of A1 andA2, or B1 andB2, or E1 andE2 states. As for the
latter pair of states one can check this statement directly f
the system of equations~27!–~29!.

B. Trigonal magnetic classD3„C3…

The groups being isomorphic to the initial magnetic gro
D3(C3) are constructed by the combinations of its eleme
with elementseip ande62ip/3 of the gauge groupU(1). That
yields the superconducting magnetic classes of symmetr

D3~C3!5~E,C3 ,C3
2 ,RU,RU2 ,RU3!, ~46!

D̃3~C3!5~E,C3 ,C3
2 ,eipRU1 ,eipRU2 ,eipRU3!, ~47!

D3~E!

5~E,e2ip/3C3 ,e22ip/3C3
2 ,RU,e22ip/3RU2 ,e2ip/3RU3!,

~48!
D̃3~E!

5~E,e22ip/3C3 ,e2ip/3C3
2 ,RU,e2ip/3RU2 ,e22ip/3RU3!,

~49!

where the elementsU1 ,U2 ,U3 are the rotations on the angl
p around axes

f̂15 x̂, f̂25
1

2
~2 x̂1A3ŷ!, f̂35

1

2
~2 x̂2A3ŷ!.

The corresponding order parameters are

CA1~k!5 i ~kxŷ2kyx̂!u1
A11kzẑu2

A11~kyŷ2kxx̂!u3
A1 ,

~50!
4-6
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CA2~k!5~kxŷ2kyx̂!u1
A21 ikzẑu2

A21 i ~kyŷ2kxx̂!u3
A2 ,

~51!

CE1~k!5~f11e2ip/3f21e22ip/3f3!@ i ẑu1
E11kz~kxŷ

2kyŷ!u2
E1#1~f̂11e2ip/3f̂21e22ip/3f̂3!@ ikzu3

E1

1f1f2f3u4
E1#, ~52!

CE2~k!5~f11e22ip/3f21e2ip/3f3!@ i ẑu1
E21kz~kxŷ

2kyŷ!u2
E2#1~f̂11e22ip/3f̂21e2ip/3f̂3!@ ikzu3

E2

1f1f2f3u4
E2#, ~53!

where

f15kx , f25 1
2 ~2kx1A3ky!, f35 1

2 ~2kx2A3ky!,

and u1
A1 , . . . , are thereal functions invariant under th

transformationsD3 group. The z-axes for both spin and o
bital coordinate systems are chosen along the symmetry
of the third order.

As before theA1 andA2 states correspond to the equiv
lent corepresentations. The statesE6 are related to non-
equivalent representations.

None of these states have the symmetry nodes in the
siparticle spectra.

IV. CONCLUSION

The symmetry classifications of the superconduct
states with triplet pairing in the orthorhombic and cubic fe
romagnet crystals with strong spin-orbital coupling is p
sented. It is found that unlike the case of weak spin-orb
as
, P
-

th

n

et

l

13450
xis

a-

g
-
-
l

interaction where the nonunitary magnetic superconduc
states are possible only in the case of multicompon
superconductivity8 any superconducting state in the ferr
magnet metals with strong spin-orbital coupling is in gene
nonunitary. It is demonstrated that in general none of sta
~besidesB states in the cubic crystals! obey the symmetry
nodes in the quasiparticle spectra. The situation with zero
changed however if due to some reason the pairing am
tude with zero projection of the Cooper pair spin
absent.22,24

The ferromagnetism stimulates in general the triplet
perconductivity even with a one-component order parame
The mechanism of this stimulation is due to the difference
the pairing interaction and the density of states for electr
with opposite directions of spin. However, the competiti
mechanism supressing superconductivity due to the orb
diamagnetic currents is always present. The compariso
these two influences of ferromagnetism on superconducti
near the quantum critical point leads to the criterion given
formula ~21!.

The presence of the ferromagnet domain structure in
superconducting state is always accompanied by the co
sponding superconducting domain structure of the comp
conjugate states. The adjacent domains in the absence o
external field contain the quantized vortices with oppos
directions of currents and fluxes.
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