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Nonlinear o model for odd-frequency triplet superconductivity
in superconductor/ferromagnet structures
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We consider some properties of odd-frequency triplet superconducting condensates. In order to describe
fluctuations we construct a supermatix model for the superconductor/ferromagnet or superconductor/
normal-metal structures. We show that an odd frequency triplet superconductor, when in isolation or coupled
to a normal metal, generally displays behavior comparable to a superconductor with the usual singlet pairings.
However, for spin dependent systems such as the superconductor/ferromagnet the two types of superconductor
have quite different behavior. We discuss this difference by considering transformations under which the
model is invariant. Finally, we calculate the low energy density of states in a ferromagnet coupled to a singlet
superconductor. If odd frequency triplet components are induced in the ferromagnet the density of states will
decrease relative to the usual bulk solution but will not vanish.
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[. INTRODUCTION case. One may also consider other symmetry variations. For
example, in Ref. 5 an odd singlet supercondu¢bore which
The Pauli principle imposes important restrictions on thels odd in both frequency and momentuwas discussed.
symmetry of the superconducting condensate in supercortdnfortunately, the authors of Refs. 4 and 5 did not find a
ductors. The most common condensate is a singlet where tHBICroscopic model that would lead to the odd frequency con-
: ; - ; ensate.

Cooper pairs have antiparallel spits or d-wave). In this . .
case, the wave function describing Cooper pairs is assume[g Recently, ftwas found that the odd triplet condensate can

. . : e induced in a superconductor/ferromagnet structure pro-
to be invariant under the exchange of electron coordlnate§/id

Anoth ibility is a triolet pairi ith the total spin of ed the magnetization in the ferromagnet is
nother possibility 1S & tpiet pairing wi € total spin o inhomogeneou$In this situation one does not need a special
the pair equal to unity. In this case the wave function of th

- H e &ind of an electron-electron interaction. It is sufficient that
pair is assumed to change sign if the electrons exchangge ferromagnet is coupled to a standard singlet supercon-

coordinates. The most famous example of the triplet pairingyyctor. This shows that, independent of whether the odd su-
(p-wave is superfluid Hé (Ref. 1) but triplet superconduc- perconductivity can be obtained as the ground state of a mi-
tivity has been recently discoveréd. croscopic model or not, a detailed study of its properties
However, a characterization of the superconductor imbased just on the symmetry of the condensate may be of
terms of space symmetries of the wave function of Coopelnterest because it can be realized at least as a proximity
pairs is somewhat oversimplified. The full information abouteffect.
the superconducting condensate is in fact given by an |n this paper we compare properties of the odd triplet
anomalous Green's functio(Gorkov function F(e). This  superconductivity with those of the conventional singlet. We
function depends not only on the coordinates of the Coopefirst consider a superconductor with odd frequency triplet
pair but also on the frequency The previous discussion pairings(S). We construct the Gorkov Green’s functions and
about the properties of the wave function of the Cooper pairgyrite them in terms of an integral over supervectors, which
corresponds to the case when the condensate furfét©ris  allows us to obtain a supermatrix model. It turns out that
an even function of the frequeneyalthough nothing forbids the form of the Green’s functions closely resembles those of
the functionF(e) from being an odd function ok. If this  a standard singlet superconduct8y). In fact, one can show
alternative possibility were realized one would have a situathat in many cases a8 will have very similar properties to
tion where the condensate functifite) is invariant under ansS,. Differences appear when one considers spin dependent
the permutation of electrons with triplet pairing but would structures such as a superconductor coupled to a ferromagnet
change sign in the singlet case. So, odd condensate functio(S,/F or S/F). These two types of superconductors have
of frequencies allow, at least theoreticalfyswave singlets different symmetries of the order parameter which leads to
ands- andd-wave triplets. differences in the Josephson effect. A qualitative discussion
In this paper we shall discuss some aspects of triplet Cocabout the proximity effect irf§/F structures may be made
per pairings which are odd in frequency and even in momenfrom considering transformations under which #enodel
tum. A superconductor with an odd frequency triplet condends invariant. From these transformations one can determine
sate was introduced by Berezindkiis a possible candidate which types of Cooper pairs are induced in the ferromagnet
for a phase of Hé, though this was later found to not be the and whether the penetration is long-ranged or short-ranged.
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Generally, it is simpler to just solve the saddle point equasuperconductor is defined to lie along the negathaxis and
tion, but if the ferromagnet has a complicated inhomogethe ferromagnet or normal-metal lies along the positive
neous structure consideration of the transformational invarix-axis. The two-particle potentidl is just defined in the
ances may be useful. superconductor so vanishesknandN. The exchange field
It is well known that the density of states of & in  vanishes inSandN.
isolation(and also arg) has an energy gap equal to the value  From the above Hamiltonian and using the conventional
of the order parameter. A normal metal has no energy gapmean field approximation we can construct the Green’s func-
However, fluctuations in the density of states due to the proxtions that have both normal and anomalous components rep-
imity effect in various hybrid structures of superconductors,resented byG andF, respectively. For more details see Ref.
metals and ferromagnets have been studied using quasiclab4. Usually one complements the Green'’s function equations
sical methods such as the Eilenberger equéati@rthe Us-  with the self-consistency equation
adel equatioH and the Bugolubov-de Gennes equafiéi®
These structures often exhibit an oscillating density of states Ago(X,X") = U gy g X NW (X)W 4(X)), 2
which gradually decreases as the energy decreases. By con- . .
siderat?on of }[/he fluctuations about %%/e supersymm)e/:trié"’here.\lr and " are the operators in the Heisenberg rep,re—
saddle point in ars/N structure it has been shown that the senta_ltlon an&=(r,t). By definition the anomalous Green’s
density of states in the normal metal decreases quadraticalfynction F and the order parametér must have the same
at low energies and vanishes completely at zero erfergy. SYmmetry and due to the Pauli principle they must be anti-
This vanishing density of states is called a “micro-gap” andSYmmetric under simultaneous position-time and spin ex-
is a consequence of long-ranged Cooper pairs being inducéﬂ‘ange- In th_e_ singlet staf the order_ parameter is even in
in the normal metal. For mo&/F structures no long-ranged time and position exchange. In the triplet st§teonsidered
Cooper pairs are induced in the ferromagnet and so there "€ the order parameter is odd in time exchange but even in
no micro-gap comparable to the micro-gap foundSiiN position exchange. However, we empha3|ze that we cannot
structures. However, as a result of some inhomogeneities {@"d do not try to present a microscopic model that would
the ferromagnetédomain walls can be an exampl@ long- determ_lne_the odd triplet supercon_ductlng order parameter
ranged odd triplet condensate may be indute consider Put write it purely phenomenologically. Note that the odd
such aS/F structure and calculate the low energy C-modelriplet _condensate functioR can exist _dt_Je to the prquny
fluctuations about the saddle point solution. From this weeffectinS/F structures: In the S case it is usual to simplify
can calculate the density of states. We find that the density Ji€ order parameter by settidgX, X') o< 5(X-X"). However,
states in the ferromagnet does not have a micro-gap but it iis is not possible for a& as it will destroy the odd sym-
lower than what would be obtained in a bulk ferromagnet. AsTetry in the time component. An acceptable form of the
concerns ar§/F structure, the low energy behavior is the order parameter for both th& and the § is A(X,X')
same as for as/N and will always exhibit a micro-gap. ~ =A(r,t,t")d(r—r’) where the symmetry im andr’ implies
we are considering as-wave. For the conventional singlet
superconductivity the functior(r,t,t’) is invariant under
the exchange of andt’ whereas in the triplet case consid-
In this section we construct the Green’s functions for anered here it changes sign.
odd frequency triplet condensate and compare it to the After taking a Fourier transform the advanced and re-
Green's functions of an even frequency singlet. The contarded Gorkov Green’s functions represented in particle-hole
struction of the single Green’s function is well known and Space aré

II. GORKOV GREENS FUNCTIONS

details can be found in, for example, Ref. 14. The construc- )
tion of the odd triplet Green’s function is similar to that of < €tidZ—H-V A(x.€) )gR,A(X X', €)
the singlet but with some significant differences which will (DA (x,—€) —eFid2-H-V T
be discussed here. We begin with the general form of the = 5(x-X')
superconductor Hamiltonian, '
— T T _(G F
H - dr lﬂa(r)H(r)(pa(r) + lﬂa(r)vaﬂ(r)wﬁ(r) g_ FT GT y (3)

1 Pty et / / whereS is the total spin of the Cooper pair adds a small

T3 f Arys DY)V syepl1 ) el )wﬁ(r)] @ positive real number, the sign in front of which determines
the advanced or retarded nature of the Green’s function. We

where H is the one-particle Hamiltoniany,; is the ex-  see that the difference between the equations for the conven-

change field which may have some spatial dependencéipnal singlet and odd triplet superconductivities is minimal.

Us,qp is the two-particle potential angt, and l//é are fermi-  Note that the spin dependence is hidden ingklé, A, and

onic destruction and annihilation operators. This form of theV.

Hamiltonian is completely general with regards to spin, time If the spin is represented by the Pauli matrieesve can

and position symmetries. Siné¢ must be HermitiarV=V'  expand the order parameter As:2i3:0 Ajo; and we may

and U=U". In coupled systems such &F and S/N the  write each component in terms of a phades|Al€%. We
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represent the triplet components dfby oy, o1, ando; and TABLE I. Transformational invariances of the model action.
the singlet ones by,. With this choice we satisfy the sym- The matrixA is invariant under the transfora if A=CATC". The
metry relationsA=-AT for the conventional singlet super- singlet superconductor action is invariant under @gC,, C; and
conductivity andA=AT for the odd triplet. For conventional C; transforms whereas the triplet superconductor action is only in-
even frequency superconductors the order parameter is ofte/griant umjer the, transform. In addition_ both_ types of supercon-
assumed to be energetically independent, however, in thguctor actions must have charge conjugation and convergence
case of ar§y the order parameter must be odd in energy soYMmetry.
we choose the simplest possibilify(x, €) =sgr(e)A(X).

In order to study mesoscopic fluctuations we use the s
persymmetry methot?. Within this technique one can write Co

u‘[ransform Invariance

. ; . . =i 02,7102, 7202,7300,1,3
the solution of Eq(3) in terms of a functional integral over C.=
8,15-17 1= 7201 03,7100,1,2) 7200,1,2, 7300,1,2
supervectors,® _
Co=mo 01,2,37101,2,3,7201,2,3, 73
C3=1y03 01,7100,2,3, 7200,2,3: 7300,2,3
GRAXX € =i f Y20 @ Y2 exil- LoDy Come 72 %013 729013 730013
S=Zstr | [D(9Q)?+ 4iQ(ers—i6A T2 - A - ReV
. f_ (E_HSA/Z_H_V A(y) ) = 163tr [ (ﬁQ) + |Q(E7'3 | T3 e
= I y * . *
° -A'(y) —€e+iSA2-H -V ~iraps IM V)], 5)
Xydy)dy,
whereps is the third Pauli matrix in the time-reversal space,
(— [e-idA2-H-V sgr(e)A(y) Q is a 32< 32 supermatrixy is the bulk normal-metal den-
Li=i y . , N sity of states per spin and
-sgre)A’(y) —€+idA2-H-V
Xyy)dy, @
A =iTypg[ ool Aglexp(— i 6osps) + 01| Aylexp(—i6;73p5)
where L, is the action for the singlet and the odd triplet + | Aslexp(= i 033p3) ] — oo m1p3 AsleXP(— i B573p5) .
superconductivity, respectively, and all other terms have the 6
standard definitions. If we perform the gauge transformation (6)

s ¢ei(w/4)[sgrfe)—1]73 andE_)Ze—i(wM)[sgr(e)—l]rg wherer rep-

resents Pauli matrices of the particle-hole space we find thali,he Q-matrices in Eq(5) must satisfy as usual the charge

!f we d!?rnore ]Ehe szm erlenden'ce, bthe htrlplet ff‘T"(.:t'Onconjugation symmetry and integrals with the act®must
IS no different _rom the singlet action but the coefficient converge. In addition, one can find several transformations
of the exponential becomds/?(x) ® Y2 (x ) n—[¥4" (¥ under whichQ is invariant in the bulk superconductavhen
® Y2 (x") Imdsgr(e)]™™" where m and n represent compo- V=0).” We defineA to be invariant under the transformation
nents of the particle-hole space. Thus, if spin is not importan€ if A=CA'C'. Table | defines five transformations and the
the normal odd triplet Green’s functior® are identical to  terms with which they are invariant. All the terms in the
the normal singlet Green’s functions but the anomalous tripaction of a triplet superconductor are invariant under@e
let Green’s functiong differ from that of the singlet by a transform while the singlet superconductor action is invariant
factor of sgrfe), i.e., the singlet's anomalous Green’s func- under the other four transforms. This appears to disagree
tions are even i but the triplet’s are odd, as expected from with what was found in Ref. 7 where it was claimed that the
the initial symmetry requirements. As the normal Green'ssinglet was invariant under tt@, transform. The difference
functions determine the density of states the bulk singlet ant§ due to the spin dependence of @imodel. In general the
the bulk triplet have the same density of states. Alsg/A  ferromagnetic exchange field is of the foiirhyo+h;oy
structure should be similar to&/N structure since in these +hzo2+hzos (all the by must be real since/=V"). In the
cases spin is not important. ferromagnetQ is not required to be invariant under any of
the transforms in Table | but they can help in determining the
form of Q in the ferromagnet.
lll. TRANSFORMATIONAL INVARIANCES To illustrate how the transformational invariances may be
OF THE o MODEL used we discuss a simple example. ConsideBéR struc-
ture with different exchange fields. The saddle-point equa-
From Eg. (4) the construction of ao model is fairly tion of a superconductasr model is also known as the Us-
straightforward. Using the standard method of derivation deadel equation. The quasiclassical Green’s function which
veloped for the singlet superconductor themodel action  satisfies the Usadel equation is the saddle point solution of
may be shown to [5e® the o model and is represented by
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g f geneous ferromagnet potential only allow aganomalous
Qo= it ot (7) component in the ferromagnet which always decays rapidly
9 at the ratex.
in the particle-hole space with the constragi=1. If we The invariant transforms are a useful tool because one can

assume that the temperature is just below the supercondughow that the anomalous components which are invariant
ing transition temperature or the tunnelling resistivity is veryunder the same transform as the ferromagnet part ot;the
large, the Green's function in the ferromagnet géR=  model will decay at the short-rangéddependent rate in the
~gMRT~ F 1. In this case the Usadel equation may be linearf€romagnet. In other words, the transform which is invariant
ized and the retarded anomalous triplet Green’s function calyith the ferromagnet part of the model is also invariant
be shown to satisfy with those components which couple to the f(_arromagnet,
thereby providing a simple way to determine which compo-
iDa)z(f - 2ef+ V-V =0 (8) nents are affected by the ferromagnet. If we h&/& with
V=hojy the transforms under which the ferromagnet part of
in the ferromagnethaving dropped the superschipThis is  the associatedr model is invariant areC; and C,. These
the same as the linearized equation in the ferromagnetic réavariances are shared by oy , S0 one may conclude that
gion of anSy/F structure but, due to the boundary condi- the oy and o, components of the anomalous Green’s func-
tions, the spin structure dfmust be differen®:’® The bound-  tions decay quickly at tha dependent rate. The other two

ary conditions at the interface are anomalous componentsy and o3, are not invariant under
the C; andC, transformations so decay at the ratewhich
af(0%) =[p(+)/Rp]f(07),  T<1, is independent ofi. Similarly, if V=ho, the action is invari-
ant under theC; andC; transforms, as are the termg,oy ».
f(0Hh=f0"), T~1, 9 Therefore theo,, components of the anomalous Green’s

functions are short-ranged, decaying at the rgtevhile the
where “~" is the superconducting side of the interface and “other two components; 5 are long-ranged, decaying at the
+" is the ferromagnetic sideT is the transparency of the rate «.. This is a trivial example of how the invariant trans-
interface,p(x) is the resistivity ancR, is the tunnelling re-  forms may be used. In a more complicated problem, such as
sistivity. As x— —oo the Green’s function must approach the that discussed in the following section we can use the invari-
bulk superconductor solution and ®&s- it must approach ant transforms to immediately reject certain components,
the bulk ferromagnet solution. Assuming that the proximitythus making the calculations much simpler.
effect on the superconductor is small the well known bulk One case of particular interest is when a superconductor is
solution may be taken in the entire superconducting regiofoupled to an inhomogeneous ferromagnet. It has been
x<0 whereV=0 sof(x<0)=sgr(e)A/\&—-|A. This is the shown that at ai%/F interface it is possible to induce both a
same solution as for a bulk but with the extra term sd#g) singlet and an odd frequency triplet component in the ferro-

H — i 6
which gives the required odd energy dependencefahds a magnet if, for exampley=h(cs cosa+ o, Sin a).” Here a

- . : : =Ax for some constanf when 0<x<w and a=Aw when
Srlféer::;rigllgudsepGernedeenr}é:ef.ulgciPoenfeigro(;? i%get;grgsngg x>w wherew is some positive constant. We shall briefly
3 . . . describe how the anomalous components induced in the fer-
=27, fi(x)ay (assuming we have both triplet and singlet

N : romagnet may be determined from the transformational in-
components The boundary condition at— is that all the  yariances of the action. At the interface the ferromagnet po-
fi must vanish. tential introduces the termyos into the action so at this

If the magnetization is of the fori(=hoy, j=1,2,3then  point the action is invariant under ti& andC, transforms.
the solution of the linearized Usadel equation is that €ach As x increases a;0, component appears in the action. Now
will exponentially decay. Two components will decay at athe action is invariant only under tH@, transform. Invari-
rate independent of the exchange fietd,and the other two  ance under th€, andC, transforms at the interface implies
will decay at the ratex=x?+ x> where k’=-2ie/D and  short-rangeddecay ish dependentanomalous components
ki=-2ih/D. For example, iV=ha; the o3 and oy compo- o1, and long-rangeddecay ish independentcomponents
nents of the anomalous Green’s function decay at thexate oq; However, as increases we lose the invariance under
while theo; ando, components decay at the rateWhenh  the C, transform. WherC; is the only transformational in-
is large, as it generally is in such structures, #yg compo-  variance the short-ranged components &g , and onlyos
nents are long-ranged while the other two are short-rangeds long-ranged. However, the boundary conditions cause the
The boundary conditions at the interface require thatathe coefficient of theo; component to vanish. We may conclude
component vanishes at the interface. Inducing long-rangethat, if the total rotatiomAw is small the solution within the
triplet componentsr, 3 in the ferromagnet of &/F structure  domain wall will be approximately similar to the solution at
with exchange fieldho; should not be surprising. However, the S/F interface. Thus we would expect thg component
if V=ho, we find that thesy and o, components decay rap- to be long-ranged. If the rotation is increased the loss of
idly at the ratex and theo; ando; components decay slowly invariance under th€, transform has a more significant ef-
at the ratex,.. The boundary conditions at the interface will fect on the range of the, component and it vanishes more
make thes, component vanish at the interface. A compari-rapidly. This result is shown in Fig. 2 of Ref. 6 in which the
son of the results obtained witti=ho; and V=ho, show  Usadel equation for thiS;/F structure was solved, however,
that we are not merely rotating the structure. In contrast to adue to a spin rotation ofr; the authors find ther; compo-
S/F, boundary conditions in a&/F structure with a homo- nent to be long-ranged.
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— -1
IV. LOW ENERGY DENSITY OF STATES a5 = expliL 5Emp007s)

The full solution of theoe model is obtained by consider-
ing fluctuations about the saddle point solution. There are
several different types of fluctuations which are relevant to
different cases. The low energy C-mode fluctuations about
the Usadel saddle-point solution are defined as being diago- F{ 0 A — ,U«Ps)

v=ex ,
bf

nal in the advanced-retarded space and are therefore quantum (15)
corrections to the Usadel solution. They have the further
property that they are independent of the order parameter and

any magnetic field. The C-modes dominate at energies belovv\\//herey is some complex variable andand u are Grass-

the Thouless energp/L2 wherel is the length of the fer- mann variables. The above solution is sufficiently general for

romagnet and therefore, to study the low energy propertie(s)ur choice ofV. Terms which satisfy the symmetry require-

only the C-modes need be considefedie shall find the Ments and are not included Ware superfluous to our den-
. . sity of states calculation. We could have chosen, for ex-
C-mode fluctuations for anS/F structure with V

—h(os COS @+, Sin ). We then derive the low energy den- ample, spin dependent fluctuations with the matrix structures

. . . : . 20T1P201, EooTopoory, andEyyripi03 @s they also satisfy the
sity of statgs. we are interested in seeing how the tr_lple ymmetry requirements. However, they would add nothing
component induced in the ferromagnet affects the density o

states. Our method closelv follows that of Ref. 8 where a xtra to the final solution. The extra terms will either vanish
: cly : "br make a contribution identical to the one already obtained
S/ N structure was considered.

i . f houl hat the i i f f
If the solution of the Usadel equation @, and we rep- rom a; » 3 One should note that the invariant transform o

. 4 the action of the ferromagnet part of tlee model with V
resent the C-mode corrections by the maffithen the full . . X . .
= +
solution of the supermatrix iQ=TQ,T 1. One can shotv h(os cosata, sina) is C, and thatT is also invariant

that at very low energies the dominant C-mode is spatiallyunder theC, transform so we have chosen so that it

constant, the so-called zero-mode. In additiop,has a very couples to the ferromagnet. If we chose a different exchange

. o : ) field, for example V=h(o3 cosa+oy sina), we should
slow spatial variation. The matri® must satisfy the conver hoose a different form oF. The above choice af; will not

gence symmetry and thg charge conjugation symmetry. Th%ontribute to the action and should be replaced with
convergence symmetry is 1 : ) )
exp(|§03E2271pla3). In this case the invariant transform of
Q=7Q"7 Y, 7=EnumA+Epy, (100 both the action and the fluctuationsGs. Deriving a suitable
form of T can be quite tedious and the task is considerably
shortened if one choos@so have the same invariance trans-
Q=mQ"7 Y, 7=Eip,+Ep;. (11)  form as the action under consideration. As stated above, this
will not give the most general form of, but gives those
parts which contribute uniquely to the density of states.
10 00 The solution of the Usadel saddle point equatiorQis
E11:<0 0) v E20= (O 1) ) (12 =go- One can show that the part diagonal in particle-hole
of bf space which describes the normal Green’s functiogrig
where the subscript “bf’ indicates boson-fermion spacei.e.,g=—g'. The off-diagonals in particle hole spatandf'
Since Qy must also satisfy the above symmetries we maydescribe the anomalous Green function and may in general
define the fluctuations a@=e" whereW must satisfy contain the terms; and r,p; multiplied by the spin compo-
_ - _ - nentsoy ; 3 and o,p3. The spin components which actually
W= =Wy, W= = AWr (13) appearoirll the soliﬁison Dy \F/)vill of coFLrse be dependent on
The C-mode fluctuations must be insensitive to the supercorthe spin structure of the exchange fi®ldOn substituting the
ducting order parameter and magnetic fields so we require general solution 0@, with the fluctuationsT into the action
given in Eq.(5) with V=h(o3 cosa+a, sin @), one finds
[W,0571p3],[W, 027,] = 0, that all the anomalous components vanish. The singlet com-
the order parameter commutes through; ponents vanish because they are proportional to the order
parameter which commutes withwhile the triplet compo-
[W,73p3] =0, the magnetic field commutes through. ~ Nents give zero supertrace. One can show this is true even
with the most general form of, which is why it is unnec-
(14) essary to find the most general form. One finds the zero-
For a solution ofW we may use the zero-mode derived in mode action to be
Ref. 8 but we must include some spin dependence:

mwtipg 0

and the charge conjugation symmetry is

We have defined

S=-2i5(cos #; cosf, cosf;—1)

T= vuaaras,
+ 2ihy sin 6, sin 6, cos 65— 2ih, sin 6, sin 65 cos 6,
-1
a = eXdI 5 01E227'1p10'1) , (16)
a = exdi % 02E2272p10'2) y where
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_ large compared to the energy then the singlet part is much
S= vaf g dx smaller than the triplet in the region<x<L so may be
neglected. The coefficient of the triplet component is derived
in Ref. 6 although some care must be taken as one must
hy = Whyf g cosa dx, perform two rotations to make it_compatible _With the mat_rix
structures used here. The result is, when taking just the triplet
componentf Tf ~-C? where

hz:ﬂhVJ'gsledx 17) CRA= 3 iAB(O)sinH k(L - X)][ x, cosh®, cosh®,
+ K3 sinh ®_ sinh®3] ™, (20
Since the C-modes are diagonal in the advance-retarded

_ — [2_A2
space we need only consider the retarded pa@ bas been [0F W<Xx<L and Wher%(pgh/mb)fs, f=A/Ve-A2
reduced to a 18 16 supermatrix and we may sét0. The Tk, O3= k3L, k3= VA ™+«

density of states with C-type zero-mode fluctuations is To evaluate equatio(l9) we require
0 w L
p= gRe(str Qud'ry) S= WeV(f g dx+f g dx+j g dx). (21)
—o0 0 w
=2v Re g[l —%(,u)\(l - c0s6, cos b, cos 03))], In the small energy limitg is very small in the supercon-

ductor so we will neglect the integral over negatieSince
(18 )

we assume that is small we may also neglect the second
where the averaging is weighted by the action in Bdf)  integral. So nows just depends on the value of in the
and we must perform a path integration over the fluctuatindqijomogeneous part of the ferromagnet which we have found
part of Q (which means an integral over the thrés, \, u, to be
andy). This form of the density of states and action is quite

~1-1p2 2 i —
general and one would obtain something similar for any ex- 9~ 1-3A°B(0) Sinff (L. =x)]

chz_arr;]gejieldbqf th? forrrer:.h(ai C(IJS a+o; r?infclz). ' X (e, coshLx, coshwy/A2 + K2
e Jacobian for the integral over the fluctuating parts — . R
may be found from evaluating éttQ)2.1% This Jacobian is + A2+ k2 sinh Lk, sinh wyAZ+ k)72, (22)

extremely complex if one wishes to include all thrés. If

N . and therefore
we assume that the total rotatiéwv is very small; will not

play a significant role and we may set it to zero. Note that S=mev(L — W)[l + %AZB(O)Z(l - %(L - w)‘1,<;l
anda, are both invariant withC,; and C, whereasa; is not —s
. k . . . . . H A2 2
invariant with C, and, as discussed in the previous section, xsint{2x(L = w)]) (k. coshLk, coshw\A?+
the C, transform becomes relevant when the total rotation is (A2 2 o . 2. 2\-2
small. Settingf;=0 and integrating over all buf; and 6, VAT sinh L SINhWVAT k) ] (23
gives which, in the small energy limit givés=De for constanD.
- Similarly we find thath;=Dh cogAw). Substituting these
! 12 lutions for3, h i ives the |
p=2vReg|1-= dé; dé,(1 - cos P, cos X,) solutions fors, hy, andg into Eq.(19) gives the low energy
2Jo density of states within the homogeneous part of the ferro-

magnet(x>w) in the limit of a large tunnelling resistivity,
large h and smallAw. However, it is true in general that
(19 «eandh;xh.
We shall discuss the behavior of this density of states in the 10 @nalyze the energy dependence of the density of states
homogeneous part of the ferromagnet. we first consider Ec[.1_9) ash becomes vanishingly small. In
There is no exact solution aj for an inhomogeneous this casef, becomes irrelevant and may be set to zero. The

ferromagnet. In Ref. 6 the Usadel solution of the anomaloudt€gral overé, is easy to solve and

Green’s functionf was studied in the limit of smalv and a sin& 1-cos &
large tunnelling resistivityR, between the superconductor p=2vReg|1- & — :
and the ferromagnethis study is also valid for a general s A4is
tunnelling resistivity when near the phase transition but thisyhich is, as expected, equivalent to the low energy density of
requiresA < e which does not satisfy our small energy re- states derived in Ref. 8 fo/N. This density of states is
quiremen}. In this approximatiorf is very small andg~1  quadratic ine and vanishes whee=0.”2 If h is not large and
inside the ferromagnet but inside the superconductor we magq. (19) is expanded with respect & we find that the low
take the bulk solutiorg=e/+e*~|A[? which is vanishingly — energy density of states is linear3nand therefore linear in
small. In the ferromagneg may be found fromf by using €. Also, this density of states does not in general vanish when
go=1 sog=v1-f Tf~1—§f f. In Ref. 6 it is shown that in =0 so there isno micro-gap. > 1, as we have assumed
the ferromagnef contains both a singlet component and apreviously and is usually the case in practice, there is only a
triplet component. If the ferromagnetic exchange field isslight reduction in the density of states from the bulk solu-

Xexp(2ihy sin 6; sin 6, - 2iS(1 - cos#; cos 6,)].

(24)
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tion p=2v. This reduction is not due to fluctuations about theand also when coupled to a normal metal. The main differ-
Usadel solution since the integral in E(L9) approaches ence between the two superconductors is their spin structure.
zero at largéh but is due to the reduction ig from the bulk  Another difference is the energy dependence of the order
solutiong=1, as in the high resistivity case given in Eg2). parameter though, in many cases, this is not important.
These conclusions are true even if we did not neglgas If we consider a situation where the spin is unimportant
they are a consequence of the form of the action rather thawe may obtain equations fd from equations forS; by
the form of the Jacobian. It should be stressed that the choicgmply replacing the order parametemwith sgr(e)A. How-
of the matricesay, a,, andag are very important. The wrong ever, in density of states calculations, for example, this
choice may lead to an action which hasindependence and change of sign is irrelevant. Where we do observe a differ-
this would result in a quadratically increasing density ofence between thg and theS; is in cases where the spin is
states with a micro-gap. important. When arg; is coupled to an inhomogeneous fer-
In an S/F structure withV=ho3; we would also obtain an romagnet it is possible to induce a long-ranged triplet
equation of the form{19) so we may also claim that there is anomalous Green’s function component as well as a short-
a linear reduction in the density of states with respect taanged singlet component in the ferromagnet. However,
energy ifh is not too large. However, for largethe density when an$ is coupled to any type of ferromagnet a long-
of states, when measured some distance fronSfifeinter-  ranged triplet component always exists in the ferromagnet.
face, will retain the bulk solution because there are no longOne can determine which anomalous components will domi-
ranged anomalous components and therefgrel. An  nate the ferromagnet by considering the transformational in-
equivalent calculation for aB/F structure is much simpler. variances of thes model. We considered the low-energy
The C-mode fluctuations are defined to commute with thefluctuations about the Usadel solution of &dF structure
order parameter so in the case of a triplet superconductarith a nonhomogeneous exchange field in order to see if the
these fluctuations must be independent of spin. Therefore dong-range triplet has a significant effect. We found that an
S/F is similar to anS/N and one can show that E¢R4), S/F structure which induces a long-range anomalous com-
which is exact for ar5/N but only true for anSy/F if hiis  ponent inF will have a smaller density of states compared to
extremely small, is exact for ag/F. In the ferromagnetic the bulk solution. However, in general the fluctuations are
part of anS/F the form of the low energy density of states is not responsible for this reduction. Instead, the reduction is
the same as in the normal metal of 8N structure, display- due to a reduction in the Usadel solution of the normal

ing a micro-gap as the energy vanishes. Green’s function from the bulk solution of unity. The fluc-
tuations only provide a significant reduction in the density of
V. CONCLUSION states if the exchange fieldis small. In such a case the low

energy density of states is linear in energy but does not van-

We have considered an unusual type of triplet Coopefsh at zero energy. The density of states will only vanish if
pairing which is defined by an order parameter which is evelygih h and e approach zero.

in the momentungor position) and odd in the frequenajor
time). It was found that, for the most part, a superconductor
with odd triplet Cooper pairs is much like the standard sin-
glet superconductafeven in position and timeIn the bulk We are grateful to F. S. Bergeret and A. F. Volkov for
these superconductors would appear to be much the samgseful discussions.
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