PHYSICAL REVIEW B

VOLUME 30, NUMBER 3

1 AUGUST 1984

Formulation of the d-f interaction in ferromagnetic superconductors

H. Matsumoto, H. Umezawa, and J. P. Whitehead
Theoretical Physics Institute, Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2J1
(Received 22 November 1983)

We present a formalism for the analysis of magnetic superconductors which includes, in a self-
consistent manner, the pair-breaking effects, induced by the d-f interaction, arising from the
scattering of the electrons by the localized-spin fluctuations and the polarization of the electrons by
the localized spins. We take into account the shielding of the localized spins by the persistent
current and the anisotropy of the localized-spin system. It will be shown how the effect of the spin
fluctuations may be realized by means of a straightforward scaling law. The formalism provides an
ideal basis for the analysis of the magnetic properties of reentrant materials such as ErRh,B, in both
bulk and thin films. In addition, a brief analysis of the Meissner state is presented.

I. INTRODUCTION

The recent discovery of the reentrant phenomena in
ErRh,B, (Ref. 1) and HoMogSs (Ref. 2) has stimulated a
considerable amount of research concerning the interplay
between magnetism and superconductivity. It is now well
established that the coexistence of magnetism and super-
conductivity in the rare-earth ternary compounds such as
RRh;B, as well as RMogSg and RMogSey is possible be-
cause of the relative weakness of the interaction between
the d-band conduction electrons and the localized spins
arising from the unfilled f-shell electrons of the rare-earth
ions.

There are two predominant effects in these materials.
The first concerns the electromagnetic interaction between
the superconducting electrons and the rare-earth magnetic
ions, in particular, the shielding of the localized magnetic
moments by the persistent current. This effect, observed
in the recent ultrasonic attenuation experiments,’ is now
generally believed to account for the modulated spin
phase®>$ observed in the narrow coexistence region above
the reentrant temperature T,,.”~°

The second effect concerns the pair-breaking effect aris-
ing from the scattering of the d electrons by the rare-earth
spins through the d-f interaction. The terminology in the
literature regarding the interaction between the localized
electrons of the rare-earth ion and the conduction elec-
trons in the rare-earth ternary superconductors is some-
what confusing. Many of the earlier papers in this field
refer to this interaction as the s-f interaction in analogy
with other rare-earth metals and compounds. There ap-
pears, however, to be an increasing tendency within the
current literature to use the more accurate terminology
and refer to it as the d-f interaction. It is the latter mode
that we will employ here. While this effect is weak, it
does give rise to an increase in the superconducting transi-
tion temperature with the substitution of the magnetic
rare-earth ions by nonmagnetic ions!® and may account
for the deviation from the BCS result of the supercon-
ducting gap, obtained from tunneling measurements,!!
and the condensation energy, estimated from the magneti-
zation curves.!? Furthermore, calculations!>!* indicate
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that the d-f interaction is important in order to account
for the recent measurements of the magnetic properties of
single-crystal ErRh,B,.!>16

Previous work!” regarding the magnetic properties of
the rare-earth ternary superconductors has emphasized
the effect of the electromagnetic interaction by assuming
that the effect of the d-f interaction (referred to as the
s-f interaction in Ref. 17) could be absorbed in a
temperature-independent renormalization of the physical
parameters. While Ref. 17 shows that the electromagnetic
interaction does have an important bearing on the mag-
netic properties of the rare-earth ternary superconductors
and can in fact account reasonably well for the properties
of the polycrystalline samples, it becomes immediately ap-
parent, in light of the more recent single-crystal measure-
ments,'>!® that the incorporation of the d-f interaction
solely through a temperature-independent renormalization
of the parameter is inadequate. There therefore exists a
need for a unified theory which includes both the elec-
tromagnetic interaction and the d-f interaction in a more
detailed manner than that presented hitherto. In this pa-
per we present such a formalism and examine the relative
importance of various mechanisms in different physical
conditions (such as the temperature dependence and field
dependence) in order that their consequences may be dis-
cussed and compared. They will provide a basis for the
interpretation and identification of possible mechanisms
in the observed magnetic properties. The application of
the present formalism to the analysis of the mixed state in
ErRh B, (Ref. 18) will be presented in a subsequent paper.
An extension of this work to consider the case of thin
films is currently in progress.

The arrangement of this paper is as follows. In Sec. II
we define the Hamiltonian and discuss the various contri-
butions. In Sec. III we obtain the electron self-energy and
present an expression for the superconducting gap in
terms of the spin-splitting parameter u and the effective
coupling constant. We show how the gap may be ob-
tained from the scaling of a two-parameter function. In
Sec. IV we derive an expression for the free energy and
define the field-dependent condensation energy. We show
how the field-dependent condensation energy may also be
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obtained from the scaling of a two-parameter function. In
Sec. V we discuss the Maxwell equations and present the
scaling law for the London penetration depth. In Sec. VI
we present the calculation of the magnetization and the
susceptibility, including the shielding of the rare-earth
magnetic moments by the persistent currents. The results

of Sec. VII are then used to calculate the effective cou-
pling constant and the scale factor for finite field and
temperature. In Sec. VIII we present a summary of the
important results, while devoting Sec. IX to some con-
cluding remarks.

II. HAMILTONIAN

The dynamics of the system under consideration is assumed to be obtained from the following microscopic Hamiltoni-

an density given by

H(x)= P 0)el —i[ V — (e /fic) RD(x) — Vil (x T (), (), () + Bep T (x)g(x)
— LM ) ol —iV)M(x) —IM(x) 91 (x ) &(x) — M(x)-B(x)

5910700 Blx)+ 5= BOo) |2+ | ) |21

In the usual way ¥(x) denotes the electron field, Alx) is
the vector potential, with the magnetic induction field
B(x) given by B=V X A(x), and M(x) is the density of
the localized-spin magnetic moment.

The first term corresponds to the gauge-invariant ex-
pression for the kinetic energy of the electron. The elec-
tron energy is denoted by €, and is assumed to be parabol-
ic. The second term corresponds to the phonon-induced
BCS coupling. The third term is to account for shift of
the chemical potential. The fourth term is the interaction
between the localized spins other than that mediated by
the dipole and the d-f interaction. The fifth term
represents the d-f interaction, while the sixth and seventh
terms denote the interaction between the magnetic induc-
tion field B and the localized and electron spins, respec-
tively. The last term is the electromagnetic energy.

III. SUPERCONDUCTING GAP

In this section we analyze the effect of the d-f interac-
tion on the energy spectra of the superconducting elec-
trons. There are two distinct mechanisms, both of which
serve to suppress the superconductivity. The first con-
cerns the scattering of the electrons by the fluctuations of
the localized spins. The second effect is the removal of
the electron-spin degeneracy caused by the splitting of the
electron spectra into two distinct bands due to the polari-
zation induced by the localized spins. It is the purpose of
this paper to present a theory in which both of the above
effects may be incorporated, together with the shielding of
the localized spins by the superconducting currents.

It will be shown that, while the splitting of the electron
spectra by the internal fields leads to a more complicated
functional form for the gap equation, the scattering of the
electrons by the localized-spin fluctuations may be real-
ized, in the inelastic limit, by a simple scaling law follow-
ing the definition of a temperature-dependent effective
coupling constant as distinct from the temperature-
independent effective coupling considered in Ref. 17.

In addition to considering the effects of the finite field
this work includes a somewhat general treatment of the

(2.1)

interactions present in the Hamiltonian; in particular, the
paramagnetic interaction between the electrons and the
magnetic field B is included together with the self-
interaction of the electrons with the electron-spin density
which arises through the phonon-mediated BCS interac-
tion. Such effects are included to provide a degree of
completeness to the work, and while they do not contri-
bute substantially in the case of ErRhyB,, for example,
they may give rise to important phenomena in other ma-
terials. Since such effects may be included simply
through a redefinition of the parameters, their inclusion
does not affect the essence of many of the arguments
presented here.

From the Hamiltonian of Eq. (2.1) we obtain the fol-
lowing equation of motion for the electron fields ¥; and

(28
13,0, = ol —i[ V —(ie /Aic) A1, — Vi,

—8ep b, +(IM—pgB)(GY), , 3.1)
19,0, = el —i[ V —(ie /fic) A1), — Vil
—Septh, +(IM—ppB)(&Y), . (3.2)

The BCS interaction may be treated by the usual Hartree
approximation to give

Vi, =V o+ Vi),

and

Vi, =V DI+ Vi)Y, .

If we introduce the four-component field ¢(x) defined by

(3.3)

(3.4)

o= ,Z (3.5)
with
Y =ioy']7, (3.6)

the equation of motion may be written as
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[i3, —e(—iV )13+ Ay —po3]d
=(IM—pgB)-G¢p—(IM—pupB)-3¢, (3.7

where we have neglected the vector potential A and have
assumed the applied field to point in the z direction, and
where we have designated ¢TU3¢ as the electron-spin den-
sity in the z direction. The parameters u and A, in Eq.
(3.7) are given by

p=([IM—pzB—(V/2)7])%, (3.8a)

and
Ao—: V< ¢l(x )¢T('x)> ’

respectively, where €; denotes the unit vector in the z
direction. The quantity Ay may be thought of as the bare
unrenormalized gap and u is the effective magnetic field
experienced by the conduction electrons. It consists of
three terms, the term arising from the d-f interaction due
to the polarization of the localized spins, the term arising
from the dipole interaction with the magnetic field B, as
well as the self-interaction with the electron-spin density
arising from the BCS interaction, essentially the last term
in Egs. (3.3) and (3.4).

The expression for y may be written in terms of a re-
normalized d-f coupling constant I and bare induction
field By(x) created by vortices as

(3.8b)

p=I(M)€;—upBy(x) €. 3.9
If calculated in the linear-response theory we obtain
T:

I—TVX,, I—4mupg(1—IugX,)

—Vy?
—(1—47u3X V2 + AL 2C(—i V)
(3.10a)

and
AL2C(—iV)

By(x)= —
O (1= 4mud X, )V + AL 2C(—i V)

fi(x)¢, (3.10b)

E =
(p) 2

I’ -
e [dk [ awav 2 py(wik)or ;5 — Koy 5,

where A, is the London penetration depth, C(—i V ) is the
nonlocal kernel appearing in the Meissner current, X, is
the susceptibility of the conduction electron, and T(x )¢ is
the vortex density. The derivation of this result is
presented in Appendix A.

In most situations the contribution to the effective field
p from the self-interaction of the electrons may be safely
neglected. As for the paramagnetic interaction it may
arise, particularly if the d-f interaction coupling constant
I is sufficiently small, that the contribution from the lo-
calized spin and the dipole interaction may be of compar-
able magnitude. This may result in a partial cancellation
of the magnetic field by the internal field if I is positive.
Such a mechanism was first pointed out by Jaccarino and
Peter.' This, however, is not believed to be an important
effect in ErRhB,, for example, and the paramagnetic in-
teraction may be safely neglected. Thus Eq. (2.8) reduces
to

p=I{M) &, (3.11)
or equivalently that
I=I. (3.12)

The term on the right-hand side of Eq. (3.7) corre-
sponds to the interaction between the electrons and the
spin fluctuations. The fluctuations give rise to self-energy
contributions which, in general, will serve to suppress the
superconductivity. Denoting the retarded Green’s func-
tion S(p) by

(R[$(x)$'(»)])
i

(2m)*

and the self-energy =(p) by

f d4pei[§’.(i’—y)—po(tx—ty)]s(p) (3.13)

S~ p)=po—e(B)r3+Agri +po3;—2(p) , (3.14)

we obtain to lowest order the following expression for
2(p):

where % (p) is the spectral function of the electron propagator S(p), that is

1
S(p)= fdaf(v,p)po_v+i6 ,

so that

Fpo;B)= —iImS(p) ,

and where p;;(k) is the spectral function of the spin-spin correlation function

(R[M;(x)M;()]) = (

and

21 5 fd4keik.(x—y)——x‘ko(tx—ty)xij(k)
T

eBw+v) 1
—1)(eP’+1) (po—v—w+ie) ’ (3.15)
(3.16)
(3.17)
(3.18)
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Xyt = [ dw pyylwsk)—— . (3.19)
¥ VT ko—w i€
The derivation of Eq. (3.15) is tedious, but relatively straightforward, and is presented in Appendix B.
To evaluate (3.15) we assume that the spectral density p;;(k) may be written in the hydrodynamical form as
= 1 wl -
p,-j(w;k)=;mxij(k) (3.20)
and expand the thermal weight in a low-frequency expansion:
Bw+v) Bv Bv, ... Bv__1
oAl ePtlthuweny = |+ —+0ow) | . (3.21)
(eP*—1)e”+1)  Bw(l—5Bw+ - NeP+1) Bw ~ 2(eP’'+1)
The self-energy =(p) may then be evaluated to give
12 s g - 1 eP—1 it
2(p)= d’k | dv S (w;B—k) 3 Xu(k) B! — — —|. (3.22)
P="0m Jax [ P 2 atk) B po—v+iT  2(eP’+1) po—v+il

There are two limiting cases where the gap equation assumes a rather familiar form. In the extreme elastic limit
I'—0, the gap equation reduces to the result for the impurity case, while in the extreme inelastic limit I'— o the gap

equation reduces to
72
(27)?

S(p)=— [ d%k [ dv.7(0;3—K) 3 x,(K)

eP—1
20eP+1)’

(3.23)

which was first considered in Ref. 20 and further analyzed in Ref. 21, and provides the starting point for our discussion.
From Eq. (3.7) and the approximations outlined in the preceding discussion, we obtain the following gap equation in

the extreme inelastic limit:

. ) R
AH= [ (‘;ﬁ’; VIS X5 —K) 22‘(‘%% tanh

In order to simplify the above equation we approximate
A(P) by its average value on the Fermi surface and use
the effective coupling-constant approximation. Thus Eq.
(3.24) reduces to

1=g(T;HINO) [, de[1—fr(E+pa)—fr(E—p)]

(3.25)
with
E=(e+A)'2, (3.26)
where the effective coupling constant g(7T';H) is given by

dQ,dQ
(47)2 f|3|=|i’[=kp ek

X V—TZEX,,(ﬁ—E) ’

(3.27)

with the H dependence of g(T;H) arising from the H
dependence of X ;.
The equation

1=gN(0) [ " de=[1—f(E+p)—fE—p)] (3.28)
E
has been studied in detail by Sarma.?? The resultant gap

can be written in terms of a two-parameter function
which we will denote by & (¢;1),

BEOA) | 4 tanh ——“—ﬁ(E(’;)‘ ) (3.24)
T
ATLpeN) _ g1 3.29
AolgN) G (3.29)
and which is given as the solution of
—-v -7
InZ(t;f)=—®, 1%—@0;,&);%—;7 (3.30)
with
)= X te 1/
Qi(x;y)= 4Re f_w dzIn[z+(z2—1)!2]
xcosh™[+(xz+y)] . (3.31)

The integrand is calculated along the contour shown in
Fig. 1 with the branch line running between z==1 and
with

1in})1n[2+(22+ DY ]=In[u +(u?—1)"?] foru>1,
v—>

(3.32)
where z=u +iv. Ay(gN(0);wp) is given by
1
Ao(gN(O);wD)=2wDexp——M R (3.33a)
[ is given by
P L
a= (3.33b)

Ao(gN(O);CDD) ’
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and ¢ is the reduced temperature
t=T/T, . (3.33¢)

Therefore, we then find that the solution to Eq. (3.25)

may be obtained simply by scaling the solution (3.29), i.e.,

A(T;u;g(T,H)N(0))
Ay(g(T,;0))

=s(t;H)D (t/s(t;H);i/s(t;H)) ,

(3.34)
where
e 1 1
sicH)=exp | oo ~ g | &)
,E=,u./A0(g( Tc )N(O);COD) N (3.36)

and we have normalized the gap by Ay(g(T,;0). The cal-
culation of the scale factor is presented in Sec. VII togeth-
er with several examples of the resultant gap.

IV. FREE ENERGY

We now turn our attention to the calculation of the free
energy. In evaluating the ground-state energy particular
care has to be taken to ensure that certain contributions
are not double counted. For example, the localized spins
of the rare-earth atoms renormalize the superconducting
electrons, in turn the superconducting electrons modify
the behavior of the localized spins. While both effects
must be included in the calculation of the ground-state en-
ergy, they both originate from the same term in the Ham-
iltonian. The approach used in this paper is to separate
the Hamiltonian into electronic, magnetic, and elec-

tromagnetic terms,
%(X)=%el(x)+%M(X)+%EM(X) s (41)

d’k
Ua= f 2n)?

+ f;—[fpw —p)—fr(E+p)] | .

where
Hg=Ple—iVp—Vilylv.y,
—3UM—guB)y'ay,
Hy=— My —iVIM— LIy ay+B)»M, ©@.3)

4.2)

and

1, 22 mia v |2 fes

—+(M—gupy'ay) B, (4.4)
where we have divided the mutual interaction terms
equally between the three contributions (e.g., —ZI-M-ng&'lﬁ is
included in 5, and +M-¢'&y is included in 5#,). Cor-
respondingly, we define Uy, Uy, and Ugy as

1
- [ &x(ra=Uy, (4.5)
1
5 | @) =Uy , (4.6)
and
1
? fd3x<%EM)=UEM . (47)

Each of the above terms, U, Uy, and Ugy, may then be
evaluated using the renormalized quantities and making
the appropriate subtractions.

The contribution to the internal energy from the elec-
tronic degrees of freedom, U, may be calculated using
the approximations introduced in the preceding section to
give

2
6—E+2A—E[1—fp(E—,u)—fp(E+,u)]+(E-—/J.)fp(E—,u)+(E+/L)fp(E+/.L)

(4.8)

Since the derivation of the above result is somewhat tedious, the details of the calculation are presented in Appendix C.

The entropy of the electronic states may be calculated to give

3
Bisg=p"1 [ (‘2’17’;3 (FE +mnfp(E+p)+[1— fr(E+p)]In[1— fFp(E+p)]}
-1 d’k
+B f (2r) {f(E_I‘)lan(E“‘I-l-)'f‘[l—fF(E—[-t)]ln[l—f(E—p)]} . (4.9)
Thus we obtain an expression for the electronic free energy F,,, defined as
Fy= Uel"'B_lsel ’ (4.10)
to be given by
s d’k A? 1
FS = g €—E+p1-f(E—p)—fE+p)]+B7 {In[1—fr(E —p)]+In[1- fE+p)]}
+ L E-p—FE+w] |, (4.11)



30 FORMULATION OF THE d-f INTERACTION IN . .. 1299

where the superscript s denotes the superconducting state (i.e., As<0).

B~ Y{In[1—fr(e+p)1} + {In[1 — fr(e— u>1}+fim<e 1) —frle+p)]

A similar calculation in the normal state (i.e.,

(4.12)

We now obtain an expression for the field-dependent condensation energy HZ(T;H ) /8, defined by

A=0) yields
Fi=
! f (2r )3
HXT;H :
—QEFQ’(T;H)—FQ(T;H)
8
2 2
——2N0 [ de |e—E— 2AE E +€2
=2N(0)|i "23* 24 [ de 62

[fF(E— u>+fp<E+u)1+2efp<e>+fi{fpw—m —fr(E+p)]

[frE —p)+frE+p)—E [ delfr(E—p)—fr(E+p)]

(4.13)

The above condensation energy reduces to the BCS result in the limits H—0 and x—0.
As in the discussion of the preceding section, the effect of the temperature- and field-dependent effective coupling con-
stant may be realized through the scaling of a two-parameter function

H.(T;H)
————=s(t;H)(t/s(t;H);z/s(t;H)) , (4.14)
HcO
where
2 2(405r —y —y
i) = D) — 2 | L3P o \me oy me T
3 | me? ? t
— = —y
— 3“‘@(2”“% T Pt i (4.15)
T t
l
Here the functions Z(¢;fi) and s(t;H) are those defined  while the entropy may be calculated to give
in the preceding section [Egs. (3.30) and (3.36)]. The . - - - .
functions ®3(x;y) and ®4(x;y) are given by B~ 'Sy=—B"'NInZ;(g;Jup | Hur | ) —Hur (M) ,
4.20)
S Re f dzz(z2—1)!72 (
where J is the spin of the localized spin, g; and Lande’s g
xcosh~[L(xz+y)] (416  factor,
. 1 . 1
and Z;(x)=sinh Vi /smh 41 x|,
x te 2__1y122 . .
Dylx;y)= 7 Re f _,, 92z"-1) and Hyp denotes the mean field experienced by the local-
ized spin and is given by
xXcosh™[+(xz+y)], (4.17) - _ o +
Hyp=7o(—iV){M) +(B) +I{¢'o9) . 4.21)
while the normalization factor H,, is given by The contribution to the free energy from the localized
H,o=[47N(0)A%(g(T,;0))]"/%, (4.18)  spins is therefore given by

where A, is given by Eq. (3.33) with g replaced by
g(T.;0). The integrand in ®; and P, is defined in a
manner analogous to ;.

The contribution to the internal energy from the local-
ized spins, U)s, may be easily calculated in the mean-field
approximation as

Uy =—+(M)yo(—iV)-(M)

— TPt FY) —(B))(M) , 4.19)

FMEUM—B_ISM
=+(M)-Hyr—B"'NInZ,(g;JusB | Hyr|) -
(4.22)

Details regarding the calculation of (M), (o), and Hyp
will be presented in Sec. VI.

The contribution to the ground-state energy from the
electromagnetic field may be calculated by replacing the
fields by their thermal average. Thus we obtain
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Ugpg = 8L< ICE) |24 | (BY | H—2(F)-

(Ry— T 5 ¢
e

— (M) —gup{¥'Fy))(B) , (4.23)
which, after some manipulation involving the Maxwell
equations, may be written as?3

UEM=——1~ de3x<ﬁ>-@€ixv’f (4.24)

=—— f d’x (H)-1i¢ (4.25)
in the case of the superconducting state, where T denotes
the vortex density, ¢ =hc /2e, and H is the internal mag-
netic field defined by H=B—4m(M—puzy'Gy). This
above expression illustrates the well-known statement that
the vortex interaction is simply given by the vortex mag-
netic field.
In the normal state we obtain

Usn=; [, d*(H)(B) . (4.26)

Combining the preceding expressions, we obtain the com-
plete expression for the free energy in the mixed state,

H2

F= —2°

—B~'Nin(g;JuzB | Hyr| )+ Ecore - (4.27)
The last term in Eq. (4.27), E ., corresponds to the ef-
fect of the vortices on the energy spectra of the supercon-
ducting electrons. It is calculated in the manner outlined
in Ref. 23. It should be noted that the above expression
has an identical form to that presented in Ref. 17, al-
though the calculation of the individual terms is some-
what more complicated due to the effects of the finite
fields and magnetization arising from the d-f interaction.

V. MAXWELL EQUATIONS

The expression for the magnetic field B is obtained
from the Maxwell equation

v><<B>——’T<T>+4N><<<M>—u3<¢*3¢>> . (.0

In the superconducting state the current T is related to
the vector potential A through the expression

<J>——ALZC (—iV) {(A)-—Vf (5.2)

where C(K) is the nonlocal kernel of the Meissner
current, A; is the London penetration depth, and f(x) is
the phase of the order parameter. The combination
Kfz;_i—(}_z_c/e)e f appears as a requirement of the
gauge invariance.

Using the approximations presented in Sec. III, we ob-
tain the following expression for the London penetration
depth A L:

AL (TH) f de af(E+,u) af(E—,u)
AL dE ’
(5.3)
where the normalization factor A o is defined as
8me 27N (0)
app= (5.4)
3#%c

Similar to the calculations presented in the preceding
two sections, the effect of the temperature-dependent cou-
pling may be realized through the scaling of a two-
parameter function. Specifically, we have

AL AT;H) )
———— =Lt /s(t;H);i/s(t;H)) , (5.5)
ALo
where
- -7
FLUE)=1—D, ,@(t;m;iet—p (5.6)
with
X +o0 z _
d)z(x;y):ZRe f_w dZWCOSh 2[%(xz+y)] .
(5.7)

Here the integrand in @, is defined in a manner analogous
to q)].

The calculation of the nonlocal kernel C(K) is rather
involved when the polarization effect is included. Since
the polarization appears explicitly only through the Fermi
distributions, at T=0 K, the d-f interaction manifests it-
self solely through the modification of the gap and the
coupling constant. Thus the result at T=0 K may be ob-
tained by simply scaling the results for the nonmagnetic
case.

At finite temperature complications arise since the
thermal distributions are now modified by the spin split-
ting due to the effective field u. However, since we expect
the effect of the d-f interaction to be more pronounced at
lower temperatures, it is reasonable to suppose that such
complications may be avoided by simply extending the
scaling arguments at zero temperature to finite tempera-
ture. In essence one is assuming that the correlation
length is related to the inverse of the superconducting gap,
which is at least qualitatively correct. Therefore, based on
the results of Ref. 24, we can write

C(K)=exp—v[ | K| &(T;H)]", (5.8)
where
v=—0.4527g(T;H)N(0)+40.559 , (5.9)
n=—0.7857g(T;H)N(0)+2.207 , (5.10)
and
ETH)~—— (5.11)
TA(T;H)
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VI. MAGNETIZATION AND THE MAGNETIC
SUSCEPTIBILITIES

In order to complete the analysis of the preceding sec-
tions we require the magnetization M, the splitting pa-
rameter [, and the transverse and longitudinal suscepti-
bilities in the case of a finite field. The magnetization M
is easily calculated in the mean-field approximation as

(M) =g,ugJNB;(Bgspup | Hyr|) » (6.1)

where J is the spin of the localized spin, g; is the Landé g
factor, N is the density of magnetic ions, Bj is the Bril-

louin function, and ﬁMF is given by
Hyp=(B) +yo( —iV)(M) +I{¢'5p) . (6.2)

The thermal average of the electron-spin density may be
obtained even in the case of finite polarization as

(W x)Tvx)) = [ d% X (x —p) I (M) —pp(B)],
6.3)

where X, (x—y) is a 3X3 matrix obtained from the

electron-spin correlation function (see Appendix A):

Xolx —y )ij = é <R [ 2 ox(x)ox(y) })517
k

— (R[UJ(X)U,(J’)]) ] ) (64)

where R[ ] denotes the retarded product. Since the quan-
tities (M) and (B) are independent of time, then Eq.
(6.3) reduces to

(Piay) =x,(I(M) —pz(B)), (6.5)

where X, denotes the static spin susceptibility of the elec-
tron calculated in the presence of the finite field. The ex-
pression for the mean field, Eq. (6.2), may then be written
as

Hye=(1—IX,t5)(B) +[yo( —iV)+IX, (M) . (6.6)
Since (B), (H), (M), and {¢'&y) are related through
(BY=(H) +47((M) —pg(s'cy)), (6.7)
the expression for the mean field may be written in terms
of H and M as
. 1—ugIX,
MF= _EB_ZE_ H)
1—4muzpX,

dr(1—ppIX,)? |, -

+ |vo+IX,+ (M) . (6.8

1—4mu3X,

If we neglect the paramagnetic interaction, then the above
expression simplfiies to give

Hyp=(H) +(yo+IX,+47)(M) . (6.9)
In the case of ErRhB4 we assume (6.9) together with (6.1)

determines the magnetization as a function of the field
(H) once X, is specified.

To evaluate X, we will assume that the difference be-
tween X, calculated in the superconducting state and the
normal state is insignificant and may therefore be neglect-
ed. This assumption is based on the results of the
Knight-shift measurements and is generally attributed to
the effects of the spin-orbit scattering. Furthermore,
when p is small compared to wp, the variation in the den-
sity of states may be ignored and hence

s N N
XomXgXg | p=o -

The calculation for the susceptibility of the localized
spins is somewhat more complicated and is best achieved
by means of a linear-response-type argument. To this end
we modify the original Hamiltonian by including a small
perturbing field 84, (x) that acts on the localized spins.
This will produce a change in the fields (B), (M), and
(¢'ay), which we denote by 8b(x), dii(x), and 85(x),
respectively. The quantities 8b, 8, and 85 are not, how-
ever, independent but are instead related through the fol-
lowing equations:

(6.10)

[—V24+A72C(—iV)]8b=—4nV T8 —pnp83) ,

(6.11)

a—na3=—CT—a,(SHMF-83) , 6.12)

8t X Hyp= (M) X 8hyp (6.13)
and

85 =X, (I Si—pup 8b) , (6.14)

where C denotes the Curie constant, SKMF denotes the
change in the mean field induced by the external field

Sﬁext(x) and is given by

S hapr=08b +yo —i V)8 +1 85 + 8y, (6.15)
and where a; is given by
3J _, |8t =
= B, . .
ay J+l J kBT ]HMF' (6 16)

From (6.11) and (6.14), 8b and 85 may be eliminated
from (6.15) to give

Shyp=7(—i V)5 +8H,y , (6.17)
with 7 given by
- . (1—ppIX,)?
P =p(K) — dg———B 20l
(1——#347TX0)
x ) —[T] (6.18)
(1—4mupX )AL | k | 24+C(k)
and y/( K) given by
. . (1—ppIX,)?
P =y oK)+ I g+ dr——220[T] . (6.19)
1—4mupX,
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Equation (6.17) together with (6.12) and (6.13) yields s (B)= Cay _ 6.22)
Sth=X(—iV)8hy (6.20) T—a;Cy3(k)
with and
Hyp X(K)= L — fori=1,2,  (623)
<M) 0 0 HMF/(M>'—'}’,','(1()
e Hyr . neglecting the effect of the transverse operator [T] in
xm k=10 7N —7(k),  (621) " (6.18) and (6.19). Parametrizing y;(K) as
T (i)
° % e ralE)=—2-—2 1|2, (624
which may be inverted to give we obtain
J
- - 1—pplX K
X33(k)=c/ L _r®4D|K|+4rc—FE 0 Sk (6.25)
ay 1—4mupXs (1—4mudX,) |k |2AL +C(k)
and
- 1—ppIX, C(Hj) . R 1—pplIX K
X,«i(k)=C/ Fo e L (T~ T) 4D | K |2 dnCc—2° o ———
1—4muix, (M) 1—4mupXs (1—4mudX,) | K | A2 +C(K)
fori=1,2. (6.26)
When we neglect the paramagnetic contribution the analysis simplifies somewhat and we obtain
X E):C/ L 194D |K |2~ trc—CK) 6.27)
J |k |2} +C(k)
and
a C(H;) ) . e
Xu(B)=C [ |75+ T =T+ [ K| arc——SE— | fori=1,2, (6.28)
(M3) |k |22 +C(k)
respectively.

Equations (6.25) and (6.26) together with the limiting
cases (6.27) and (6.28) illustrate how the effect of the fin-
ite field modifies the calculation of the spin susceptibility.
The expression given by Egs. (6.27) and (6.28) represents
the generalization of the result of Ref. 25 to consider fin-
ite field. The last term in the denominator represents the
effect of the shielding of the localized magnetic moments
by the persistent current. As was shown in Ref. 25, in the
zero-field limit, the susceptibility given by Egs. (6.27) and
(6.28) will diverge at some finite momentum k=Q at
some temperature T, < T,,, giving rise to the appearance
of the spin spiral or sinusoidal phase. The divergence at
J

X33(§)=C/ %_T$)+D[l+%a(l—cos29)] | K| ?+4nC
9

C(H;)

Xi1(§)=C/ o)

respectively.

HTP T +D[1+ 2a(1—cos?0)] | K | 2+47C

I
T'=T, results in an infrared divergence in the calculation
of the coupling constant and the quenching of the super-
conductivity at some temperature 7>7,. In order to
avoid such a catastrophe, we modify our expression for
the function y(k) given in Eq. (6.24) to include the effect
of the anistropy in the momentum dependence. We there-
fore replace Eq. (6.24) with
(i)

yuB)=—2--2
where 6 denotes the angle between the vector 6 and the
momentum K. Equations (6.27) and (6.28) then become

[1+2a(l—cos?0)] |k |2, (6.29

—_,—C(k)—_, (6.30)
|k |2A2 +C(k)
C(k)

—, o (6.31)
|k |2} +C(k)
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VII. EFFECTIVE COUPLING CONSTANT

With the finite-field susceptibilities given by Egs. (6.31) and (6.32), we can calculate the coupling constant g(T’;A) us-
ing Eq. (3.27) in the London limit [i.e., C(k)=1] as

. 1 *E ol 72 T 3) 3 201172 47 C
sTm=r [, @ [ deosdl v=T ¢/ |- —Ti+Dl1+a(1—cos N+
_ éfz C/ C(Hj) (T T
= <M3> m m
4rC
+ D[l+%a(l—cos29)]12+l—2)gj 7.1

The presence of the amsotropy term ensures that for T > T, the coupling constant g(T;k)>0 for a certain range of
parameters, and hence A remains finite at T'= T,. Furthermore, calculatlons show that for T > T, little error results in
the calculation of the coupling constant if the amsotropy term a( 1—cos?0) is replaced by its angular average, i.e.,

2a(1—cos?0)~a , (7.2)

C/ T _
c/ C(H3 ] (7.3)

This may be integrated to give an analytical expression for the effective coupling constant at finite field as

and thus Eq. (7.1) reduces to give

rim=-1 [ar|y_p
B0z o

41TC
T+ D(1+a)2+
m +D(1+a) IZKL+1

47w C
A7 +1

+TE TV D1 +a)?+

g(TH)=V—T? |Gyl I+ 3 G[e"’(t;m]], (7.4)
i=1,2
where
Y3
c df) (1+a)+df [e+d"(1+a)]+dUe+C") " "

Gle)= dP(1+a) 20e1CD) +[dP(14+a)—elIe)
with

e —L 2d/(1+a)+[d"(1+a) +€]—[Q;(€)]' 2

[Qu(e]12 7 | 2d(1+a)+[d (1 +a)+ €]+ [Qu(e)]2

dY14+a)+e+ Q)]
m LLL — | for Qu(e)>0 (7.6
dV(14+a)+e=[Q(€)]
and
: 2d°(14a)+dV(14-a)+€ 0
I("(e)=———~1———17 [tan“ Fltalt 1/-; + —tan‘lﬁ—u% for Q;(e) <0, (7.7)
[—Que)] [—Que)] [—Que)]
with
Que)={e+d (1+a)+2[d (1+a)C?]' "} {e—d V(1 +a)+[d V(1 +a)C ]2} . (7.8)
The parameters d'?, di’, and C'? are defined as
2
cw_241C o _D - o 4Dk
Tm' TwAL’ Tw
and €(¢;H) and e(“”(t;H) are given by
(3) t ”
€i'(t;H)=—5——1 (7.9)
Il %,

and
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C H

_ —1 T(3)_T(i).
7O (yy Tim e

et;H)=

(7.10)

We rewrite g(¢;H) in terms of the renormalized coupling constant g(1;0) which is defined at T=T, and H=0.

Equation (7.4) then becomes

g(T;H)=g(1;0) |1— 2(D)

2 . X
— 3 L6 sH) -Gl (1;H=0)]) .

1212 8(1)

We note that

t

€/(£;0)=€{(£;0)=€(t)= [ﬁ—-l (7.12)

m

The renormalized coupling constant g(1;0) is given by

g(1;,0=V -T2 Gle? (1], (7.13)
where
(i) (i)
) C e'()+dp'(1+a)
NGOIE : 7.14
Gle'(1)] 47rdpln 1) ( )

Here we used the fact that A; — 0 at T=T,.

With the effective coupling constant given by (7.7), the
scale factor s(¢;H) may be computed from Eq. (3.35) and
the superconducting quantities may be calculated from
the scaling laws which will be summarized in the next sec-
tion.

VIII. SUMMARY AND RESULTS

In the preceding sections we have shown how the effect
of the magnetic ions on the superconducting properties
such as A, Ay, and H, may be calculated. In particular, it
was shown how the effect of the spin fluctuations may be
realized through a simple rescaling of certain two-
parameter functions involving the temperature and the ef-
fective field of the electrons, namely x. In this section we
wish to summarize the relevant formula and present some
numerical results to illustrate the various effects arising
from the d-f interaction.

In Sec. III the superconducting gap A(T;H) was found
to be given by

A(T;H)

X =s(t; H)D (t/s(t;H);i/s(t;H)) . (8.1)
0

mTe

12
1— —— (G €] (t:H)]— G 3 [ (1,H=0)]}

(7.11)

In Sec. IV the field-dependent condensation energy was
found to be

H.(T;H)

=s(t;H)7(t/s(t;H);m/s(t;H)) . (8.2)
HcO

In Sec. V the London penetration depth A; was found to

be
A (T;H)
Lk—zf(t/s(t;H);ﬁ/s(t;H)) . (8.3)
LO

The normalization parameters Ay, H,q, and A are given
by

1

A°=2w0eme , (8.4)

HZ%,=47A3N(0) , (8.5)
and

Ap2= %e%}mm . (8.6)

We wish to emphasize that the above normalization
constants do not correspond to the observable gap and
critical field at T=0 K. They are instead related simply
to the quantities for nonmagnetic superconductors with a
similar structure.

The spin-splitting parameter & is also a function of ¢
and H and is given by

I(M;(t;H))
Ag ’
where (M;(t;H)) is determined in Sec. VL.

The two-parameter functions Z(t;u), F#(t;u), and
ZL(t;u) are given by

Gt H)= (8.7)

— v e Y
Ing(t;5)=—d, ; @(t;ﬁ);T,E , (8.8)
2 2 2405 —y —y
P = DUep) — 2 | L 3L g | e D(t;p); —p
3 e~ Y w2 t t
0D (00 -7 -7
— éyg(zt’ﬂ) D, ﬁet e@(t;ﬁ);ii—ﬁ , (8.9)
w
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and
' 4 g
LAtp)=1—, ﬂt——@(t;ﬁ);fet—ﬁ , (8.10)

where the functions (®;) may be written as

+ o0
d>,-(x;y)—_—%Re f_w dz Ti(z)cosh™ 25 (xz+y) . (8.11)
The functions [T;(z)] are complex functions and all are
defined on the Riemann sheet with the branch line run-
ning between z=*1 shown in Fig. 1 with

IlimoT,-(z)zTi(Rez) for Rez>1, (8.12)
where

T,(z)=1n[z+(z*—1)'?], (8.13)

z

T2(2)=(Z—2——1)W ) (8.14)

Ty(z)=z(z2—1)1/%, (8.15)

Ty(z)=(z22—1'%. (8.16)
The scale factor s(¢;H) is given by

s(t;H)=ex L — L (8.17)

TSR (ONO) T g(GHINO) |

where g(t;H) is the effective coupling constant evaluated
in Sec. VII.

We now wish to present the results of certain numerical
calculations illustrating the temperature and field depen-
dence of these fundamental physical quantities. We first
consider the limit where H=0. In this limit the functions
9, #, and .£ reduce to those obtained in the familiar

Imz4

> >
> > >

-1 Branch Cut  +] Re z

FIG. 1. Contour for the complex integrals contained in the
expressions for {@;(x;y)}, i=1,4.

BCS theory. Thus we find that the properties of the
Meissner state (in which the field B is excluded) may be
obtained from the BCS results by means of a simple scal-
ing law. The temperature dependence of the gap, the con-
densation energy, and the London penetration depth in
the case of zero field are shown in Figs. 2, 3, and 4,
respectively, for the parameters shown in Table I which
are felt to be appropriate to the case of ErRhyBy, together
with the results of the BCS theory. (A detailed discussion
of the particular choice of the parameters will be given to-
gether with a detailed analysis of the magnetic properties
of the mixed state in ErRhyB, in a forthcoming paper.)
These results clearly show the effect of the suppression of
the superconducting quantities at low temperature due to
the increase in the strength of the localized-spin fluctua-
tions.

Estimates of the condensation energy have been made
in the case of polycrystalline ErRh,B, samples from both
bulk? and thin-film?’ measurements. While these results
do indicate a substantial deviation from the BCS result at
low temperature, certain difficulties inherent in the vari-
ous measurements prevent them from providing us with
any precise conclusions regarding the temperature depen-
dence of the condensation energy. More recent measure-
ments based on the magnetizaton curves of single-crystal
ErRh,B, (Ref. 28) have been made and give more reliable
results although the uncertainties arising from pinning ef-
fects are still considerable. The single-crystal results are
in reasonable agreement with the curve shown in Fig. 3 if
we choose a value of H,.¢~1.4 kG, a value consistent with
similar measurements on LuRhsB, obtained from
specific-heat measurements which give H,y~1.85 kG.?
Accurate determination of the condensation energy for
various temperatures would be extremely useful in that it

S :
\ -
=
4 _
Scaling \
- \
d =20 ]
02 12/g = 10.15 -
a =5
0 ] | | | ;| | | | 1
0 0.2 0.4 06 08 10
t

FIG. 2. Temperature dependence of the superconducting gap
including the effect of the spin fluctuations (solid curve) and the
BCS result for comparison (dashed curve). The parameters used
are those given in Table I together with dy=20, a=S5, and
I*/g=10.15.
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FIG. 3. Temperature dependence of the condensation energy
including the effect of the spin fluctuations (solid curve) and the
BCS result (dashed curve) for comparison. The parameters used
are those given in Table I together with dy=20, a=5, and
I?/g=10.15.
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FIG. 4. Temperature dependence of the London penetration
depth including the effect of the spin fluctuations (solid curve)
and the BCS result (dashed curve) for comparison. The parame-
ters used are those given in Table I together with d;=20, a=>5,
and I?/g=10.15.
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TABLE 1. Parameters which are appropriate to the case of
EI‘Rh4B4.

Ta
(8= =" =0.115 g(T.N(0)=0.3
T,
c
t6="1m — 3300 d=—2__o0.450x102
Tc Tm)"L
TP
fp=—2 =0.092 J=1.5
P Tc
c=3C _r312
m

4Dk}
dp=—72"
Tm
U= M2
¢/A'L0
~ M |85 r v
T=2 _ |57 (TN (O g
0 3 N )g(Tc) kg

would provide information regarding the strength and the
role of the spin fluctuations in modifying the supercon-
ducting state as we approach the coexistence regime at
T=T,.

Thep temperature dependence of the superconducting
gap also shows a reduction from the BCS value at low
temperature, in particular, we find that 2A_,,/kz T, have
a value of 3.03 in contrast to the BCS value of 3.52. Since
the effective coupling constant g(7T) is always smaller
than g(T,), because of the suppression due to the spin
fluctuation, A(?) is always less than Agcg(2).

Tunneling measurements have been performed'! for
both polycrystalline and single-crystal ErRh,B,. The re-
sults show that the value of the superconducting gap in-
ferred from the dI /dV-versus-V curve does in fact differ
markedly from the predictions of the BCS theory; in par-
ticular, it is found to be flat with respect to temperature at
low temperature. However, the observed ratio
2Anax/kp T, appears to be in the region 3.8 to 4.2, in con-
trast to the results presented here.

The London penetration depth shown in Fig. 3 does not
show such a dramatic change. While it is the case that
the London penetration depth may be obtained from
surface-independence measurements, the exact nature of
the relationship is complicated by the possible appearance
of surface magnetization states.’® Further analytical work
in this direction is in progress.

We can also discuss the effect of an internal field on the
superconducting quantities A, H,, and A;. From the
preceding analysis we see that the presence of an internal
field H will lead to two quite distinct effects:

(1) It will suppress the spin fluctuation, leading to an
increase in the effective coupling constant g(7;H) and
therefore enhancing the superconductivity.
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FIG. 5. Temperature dependence of the gap for various
values of the reduced internal field A(=H /$A73). The parame-
ters used are those given in Table I together with d;=20, a=35,
I?/g=10.15, and kz=4.

(2) It will polarize the localized spins which will result
in a finite value for the spin-splitting parameter u which
tends to suppress the superconductivity.

Thus we see that the application of an internal magnet-
ic field may result in an increase or decrease in the super-
conducting quantities depending on which mechanism
dominates.

In Figs. 5, 6, and 7 we present graphs showing the tem-
perature dependence of the gap, the field-dependent con-
densation energy, and the London penentration depth

T T T T T T T T T T
10 - -
08 |- Kg = -
d =20
- 12/g=10.15
a =5

FIG. 6. Temperature dependence of the field-dependent con-
densation energy for various values of the reduced internal field
h(=H /d)}qf&). The parameters used are those given in Table I
together with d;=20, a=5, I*/g=10.15, and kpz=4.

1 T T T T F T T T
7+ _
6 B KB =4 n
df =20
12/g = 10.15
51 a =5 -
o
|
<
S~ —
=
,'<" 4
0 I | I | | I I | 1 1
0 02 04 06 08 10
t

FIG. 7. Temperature dependence of the London penetration
depth for various values of the reduced internal field
h(=H /¢AL¢). The parameters used are those given in Table I
together with d;=20, a=5, I?/g=10.15, and kp=4.

under the presence of an internal field. In Figs. 8, 9, and
10 we present the field dependences of the gap, the con-
densation energy, and the London penetration depth,
respectively, for various temperatures. It would appear
from the graphs that A, H2, and A, are in fact insensitive
to the internal field until a particular temperature is
reached, where there is a rapid decrease as the tempera-

1 T T T T T T T T T
10+ -
038 ~
o
< 06 -
S~
= N
Iy
q %4r kg =4 t=06\ |
L dg =20 ]
12/g = 10.15
02 a =5 -
- 1
0 | S | | | 1 1 | ] L
0 02 04 06 08 10

h
FIG. 8. Field dependence of the superconducting gap for
various values of the reduced temperature. The parameters used
are those given in Table II together with d,=20, a=S5,
I?/g=10.15, and kz=4.
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TABLE II. Field dependence of the condensation energy.
Calculated values of the condensation energy H2X(t;h)/H?, for
various values of #(=H /¢A}) and t(=T/T,). The parameters
used are those given in Table I together with dy=20, =35, and
k B = 4.

h t=0.2 t=0.4 t=0.6
0.00 0.523616 0.466289 0.269 145
0.01 0.523638 0.466 290 0.269 145
0.02 0.523702 0.466 295 0.269 147
0.03 0.523 805 0.466 303 0.269 149
0.04 0.523940 0.466313 0.269 152
0.05 0.524 097 0.466 327 0.269 155
0.06 0.524 261 0.466 342 0.269 160
0.07 0.524410 0.466 359 0.269 165
0.08 0.524512 0.466 377 0.269170
0.09 0.524519 0.466 395 0.269176
0.10 0.524 365 0.466414 0.269 182

ture is lowered further. This arises from the increase in
the spin-splitting parameter p due to the increased order-
ing of the magnetic ions. A closer examination of the nu-
merical results, however, reveals that as H is increased for
a given temperature, H? is seen first to rise due to the in-
crease in the effective coupling g(T;H) before decreasing
rapidly at higher values of the field. While the actual in-
crease is very small for the present choice of parameters
(see Table II) and is not discernible on the graphs present-
ed in Fig. 9 which shows the field dependence of
H2(T;H) for various temperatures, such an increase at
low-field values may be important when one considers the
nature of the transition around the lower critical field H,,
in a type-1I superconductor.

While the direct observation of the effect of the internal
field on the superconducting properties is extremely diffi-
cult, the effect on the magnetic and thermodynamic quan-
tities will be quite marked. A detailed study of the mag-

T T T T T T T T T T
05 4

04

kg =4
T di =20
12/g = 10.15
o1 r a =5 t=06| |
0 1 | L 1 1 | | | I |
0 02 04 06 08 10

h

FIG. 9. Field dependence of the field-dependent condensa-
tion energy for various values of the reduced temperature. The
parameters used are those given in Table II together with
d;=20, a=5, I’/g=10.15, and kz=4.

netic properties of ErRh,B, using this formalism has been
completed and a report on the results is currently in
preparation and will include a detailed comparison with
the recent experimental measurements of single-crystal
ErRh,B,.'>16  Also, since the polarization effect is quite
drastic when the internal field reaches a certain critical
value, the magnetic properties of thin films may be affect-
ed considerably. Such an analysis is in progress.

IX. CONCLUSIONS

There are several results which are of interest here.
First we find that, in the effective coupling-constant ap-
proximation, the effect of the localized-spin fluctuations
and the spin splitting of the conduction electrons, arising
from the d-f interaction, on the superconducting gap fac-
torize. As a result the gap equation can be expressed in
terms of a certain two-parameter function by means of a
simple scaling law involving the temperature- and field-
dependent coupling constant g(7T;H). A similar result
was also obtained for the field-dependent critical field and
the London penetration depth. These results, summarized
in Sec. VIII, provide a somewhat straightforward method,
whereby the effect of the localized magnetic moments and
the induction field on the superconducting properties of
the conduction electrons may be considered. In particu-
lar, the method may be applied to consider the properties
of the Meissner state. In the Meissner state (i.e., u =0) the
temperature dependence of the superconducting gap, the
condensation energy, and the London penetration depth

7 T T T T T T T T

ér t=04 t=06|
kg =4

5L di =20 ]
12/g = 10.15
a =5

ALt h) / ALo

FIG. 10. Field dependence of the London penetration depth
for various values of the reduced temperature. The parameters
used are those given in Table II together with dy=20, a=5,
I?/g=10.15, and kp=4.
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may be obtained from the BCS result by means of a sim-
ple scaling rule. Such quantities are in fact experimental-
ly accessible and should provide us with information re-
garding the nature of the localized-spin fluctuations.

Second, it is both interesting and somewhat surprising
that the resultant expression for the free energy given in
Eq. (4.27) has the same form as that presented in Ref. 17,
although the expression for the various terms involved is
somewhat more complicated due to the d-f and the
paramagnetic interactions. The close analogy that exists
between the two expressions means that the results
presented in this paper can be used to extend work
presented in Ref. 17 to include the effects of the d-f in-
teraction on the magnetic properties of the mixed state in
ferromagnetic superconductors in a perfectly straightfor-
ward manner.

The third, rather interesting, feature is the effect of the
finite internal field H on the superconducting quantities.
Specifically, we see that the reduction in the localized-spin
fluctuation and the increase in the spin-splitting parame-
ter 4 with the application of an internal field H tends to
enhance and suppress, respectively, the superconducting
nature of the conduction electrons. The resultant com-
petition between these two mechanisms manifests itself in
the slight increase in the field-dependent condensation en-
ergy H2(H;T) /8 for increasing H, for low values of the
field proceeded by the rapid decrease for high values of
H, shown in Fig. 9. This suggests that the response of the
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localized-spin fluctuations to an applied field will be of
importance in determining the behavior of the system as it
makes the transition from the Meissner state to the mixed
state, at H,,, while the polarization effect will be of im-
portance at higher field values, in particular, as the system
makes the transition from the mixed state to the normal
state at H,.

In conclusion, therefore, we have presented a method
whereby the effects of the d-f and the paramagnetic in-
teractions together with the electromagnetic interaction in
the analysis of magnetic superconductors. The results ob-
tained show several interesting features and allow for the
extension of previous work on the mixed state to include
the effect of the d-f and the paramagnetic interactions.
The application of the present formalism to a specific ma-
terial (such as ErRh;B,) will be presented elsewhere.
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APPENDIX A: RENORMALIZED COUPLING T

In this appendix we show how the expression for the renormalized coupling constant T given in Eq. (3.10) may be cal-
culated. We begin with the equation of motion for the S;(¢) defined as

Si0= [d*x o4,
which is given as
3Si()=—e [ d*x[IM;(x)—ppB;(x)]ok(x) .

Thus we have

a;(R[O'i(X)Sj(t)])=8(t—tx)<[sj(t)y0i(x)]>—‘ejlk<R [Ui(X) [ M) —ppB(»)]ok(y) ]) .

(A1)

(A2)

(A3)

Here R denotes the retarded operator product. Integrating with respect to ¢ on both sides, we obtain after some straight-

forward algebra

(Ui(x))=—2-1?(8j,8,-k——8jk8ﬂ)fd4y(R{Uj(x)ak(y)[IMI(y)—,uBBl(y)]}) .

(A4)

Calculating this in the mean-field approximation yields the result of Egs. (6.3) and (6.4):

(o:x))= [ d*y X¥x —y)I(M;(»)) —psB;(»)]

where X, is a 3 X 3 matrix;

XY(x —y)=é {8,-]-2 (Rlok(x)ok(p)]) —{R[o;(x)a:(»)]) } ;
K

Thus the expression for 4 may be written as

H=I(M3) —ps (B~ (03) = 1-7")(?3(:'&3)

Now from the Maxwell equation of (5.1) and (5.2) we have

(I<M3)—ILB<B]~>) .

(AS)

(A6)

(A7)
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[V2—AD2C(—iV)]B(x)=AL2C(—iV)n(x)¢ +47VH(M ) —pp{c))

= —ALXC(—iVn(x)p+47V2(1 —pgIXP) (M ) +ui X347V (B(x)) . (A8)
Here all fields lie along the z axis and n(x)$=(ic /e)[V X V f(x)]-€;. Thus we obtain
B(x)= (1~4W§x33)v2~111—c< _i¥) ]_1 ‘—{za — iV () 4TV —ppIX VM) | (A9)
and hence that
= g 1= A8 [~ (1= 4mud VAT C(—1 )] R C(—i VIn(x)d
+ 1-—;’—)(?,3 (I —4mpup(1—IpupX2) — VA — (1 —4mud X)WV 4+ A7 2C(—i V)]~ (M) . (A10)

APPENDIX B: ELECTRON SELF-ENERGY

In order to discuss the calculation of the electron prop-
agator at finite temperature, we use the formalism of ther-
mofield dynamics (TFD). The TFD formalism is dealt
with extensively in the literature®' ~3¢ and its relation to
other techniques such as the Matsubara method>® and the
C* algebra approach is now well understood.’® Briefly,
TFD introduces temperature by doubling the number of
degrees of freedom; for example, the electron field ¥(x) is
now generalized to a doublet field ¥%*(x) (a=1,2) which
satisfies the usual canonical anticommutation relations
and which satisfies Eq. (3.7), namely,

(i3, —€(i V )73+ Agry + 03 ]16°
=I(M°—(M))-G¢*—up(B2—(B))-7¢>. (B

-
The relation between thermal doublet is constructed in
such a way that the thermal expectation value of a partic-
ular operator 4 may be relaized within a canonical field
theory as the vacuum expectation value of 4%=1, specifi-
cally

(A)Y=(B|4*="|B), (B2)

where (B3| denotes the “thermal vacuum.” In particular,
the thermal expectation of the time-ordered product
T[$(x)$'(y)] may be obtained from the TFD Green’s

function as
(TI$(x)¢'(»)]) =(B| T[$* ()61 B), a=B=1.
(B3)

From Eq. (B1) and neglecting the B field contribution, we
obtain

‘%%——6(——1'6)T3+A071+[.L0'3 (B| T[¢%x)dB(») 1| BY =i8%B8(x —y)+I0;{ B| T{[M&x)—{ M;(x))1¢%x)$8»)'} | B) .
(B4)
In the lowest order of perturbation we have
(BI T{[M;(x)—{M;(x))1¢°(x)[¢P(»)]} | B)
:—iIfd4z(B|T 3 Ma(z)[4%(2)] (2’ [ M, (x)— ( M;(x) ) 16%(x)[ 65T | | B) .
~—il [ d*% 3 (B| T{[M;(x)—(M;(x))[[M;(z)—(M;(2)}1} | B)
X (B| T{¢°(x)[%2)1"} | B)oi(B| T{¢*)[$P»]1'} | B) , (BS)

where we have used the relation ¢Ta¢=¢la¢c.
If we now define the momentum Green’s functions as

(B| T{¢%(x)[¢°]'} | BY
i
T Qr)

[ d*pe—r==rseB(p)  (B6)

and

-

(B| T{IM;(x)—{M;(x)) 1IM;(y)—{M;(»))1} | B)
i

(2m)*

f d4ke——ik(x—y)xgﬁ(k) , (B

with p-x =P X —polx, then Eq. (B4) together with Eq.
(BS) yields
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S~1p)*= [po—e(B)73+Ag711Sap with
.72 .
__(;;._)4 [ d* S xPro;s*Bp K)o, . sinh?0(w) = —g7— (B12)
i
(B8) and
B 8 itten i
The propagators X f} (k) %131d S°(k) may be written in the cost(v)  siné(v)
spectral representation as Urlv)= _sin(v) cost(v) (B13)
XgPe)= [ dw py;(w; K)[Up(w)r(ko—w +i87) " with
X Ug(w)]*® (B9) .o
sin"g(v)=—2 , (B14)
and e™+1
S%(p) = f v S 0;8)[Up(0)(po—w +i87) " Up(v) ] , while 7 is a matrix operating on the thermal doublet
(B10) 1 0
where Tl -t B
Up(to)= COShZ((w)) sinl}:lg((w)) B11) Using the integration formulas given in Ref. 34 we ob-
~ |sinh@(w) cosh&(w tain
|
ir? 1
3%(p)= o) [ a*k x3Pk)o,S%¥(p —k)o;= [ drp(; B Up(k)po—k+i87) " Ur(k)]* (B16)
with
plk;P)= r f dk f dwdvp;,-(w;l?)a,-f(v;fa’—E)o-S(K——w——v) eftl . (B17)
(2m)? ! (eP*—1)(eP+1)
If we now define the matrices S(p) and =(p) as
S(p)YP=[Ur(po)S(p)UL(po)]ap (B18)
and
=(p)*P=[Up(po)=(p)ULpo)lap » (B19)

then we can easily show that S(p) and 2(p) are diagonal with respect to the thermal indices with the upper component
given by the retarded function and the lower component given by the advanced function.

Thus we obtain the result of Egs. (3.14) and (3.15):

S~ Np)=po—€(B)r3+ Ay +po3—=(p) (B20)
with
I’ - - ePvtw 4 1
3(p)= dk | dw [ dvp;j(w;k)o; L (v;P—k)o; — . (B21)
=2y f f f Py ' P T (ePr—1)(eP+1) pp—w—v+ie
APPENDIX C: CONDENSATION ENERGY
The electronic contribution to the Hamiltonian was defined in Eq. (4.2) as
Hoa=0'e(—i V)Y~ Vylplpp,— 3 {(IM—gupB} ¢y . (1)
We define F; as
[id,—€(—iV )3+ AT +poslp=F, , (C2)
where F, is given as
Vi +(IMs —goppBs —p ) +2IM _ —gupB_ ), — Ay)
. Vi, —(IM3 —goupBs — )b, +2UM , —gppB ), +Ay! <
T vyl 4+ UMy —gypupBs —p W —20M _ —gupB_ Wi — Ay,

Vi, + (IMy —gyup By — i +20IM . —gupB_ Wl — Ay,
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With Fy thus defined we may write the expression in (C1) as

fd3x%el Vf (2 )3

—(e+u)+ fd x¢f[e(—tV)r3—An—,uo-3]¢+‘lifd X ¢loss

A
+5 [ @x oo+ [ dx(@lF, +6:F] —6:F ) — 8 F,) . (4

Taking the thermal expectation value, we obtain

1. -
de<zg)—_f(2)( €+p)— u v

gS d*k Tr{S(k)[e(k)— Ary—pos]}

+§fd%wa%+Aﬁmmn+3;fd%RdmgL (C5)

The last term in this expression represents the contributions to the internal energy arising from the renormalized elec-
tron self-energy correction. If we now calculate the electron self-energy and the corresponding propagator in the manner
outlined in Appendix B, then this term will not contribute since the self-energy and the counter terms A and u will exact-

ly cancel. The resultant expression for the self-energy is

1 d’k
7fd3x(9'/e1>=fm

2
{(e—E)+ %[1—fp(E—,u)—fF(E+u)]+(E—,u)f(E—u)

—(E +u)fF(E+,u)+f;—[fp(E—p)—fF(E—i-,u)]} , (C6)

which is the result given in Eq. (4.8).
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