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The Hund’s-rule-exchange induced and coexisting spin-triplet paired and magnetic states are considered
within the doubly degenerate Hubbard model with interband hybridization. The Hartree-Fock approximation
combined with the Bardeen-Cooper-Schrieffer (BCS) approach is analyzed for the case of square lattice. The
calculated phase diagram contains regions of stability of the spin-triplet superconducting phase coexisting with
either ferromagnetism or antiferromagnetism, as well as a pure superconducting phase. The influence of the
intersite hybridization on the stability of the considered phases, as well as the temperature dependence of both the
magnetic moment and the superconducting gaps, are also discussed. Our approach supplements the well-known
phase diagrams containing only magnetic phases with the paired triplet states treated on the same footing. We
also discuss briefly how to include the spin fluctuations within this model with real-space pairing.
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I. INTRODUCTION

The spin-triplet superconducting phase is believed to appear
in Sr,Ru04,! UGe,,? and URhGe.? In the last two compounds,
the considered type of superconducting phase occurs as
coexisting with ferromagnetism. Additionally, even though U
atoms in these compounds contain 5 f electrons responsible
for magnetism, this multiple-band system can be regarded as a
weakly or moderately correlated electron system, particularly
at higher pressure. Originally, it had been suggested via
a proper quantitative analysis*~¢ that the the intra-atomic
Hund’s rule exchange can lead in a natural manner to the
coexistence of superconductivity with magnetic ordering:
ferromagnetism or antiferromagnetism.

The coexisting superconducting and magnetic phases are
discussed in this work within an orbitally degenerate two-
band Hubbard model using the Hartree-Fock approximation
(HF), here combined with the Bardeen-Cooper-Schrieffer
(BCS) approach, i.e., in the vicinity of the ferromagnetism
disappearance, where also the superconductivity occurs. The
particular emphasis is put on the appearance of superconduc-
tivity near the Stoner threshold, where the Hartree-Fock-BCS
approximation can be regarded as realistic. This type of
approach can be formulated also for other systems.”

The alternative suggested mechanism for appearance of
superconductivity in those systems is the pairing mediated
by ferromagnetic spin fluctuations, which can also appear
in the paramagnetic or weakly ferromagnetic phase.® Here,
the mean-field approximation provides not only the starting
magnetic phase diagram, but also a related discussion of
the superconducting states treated on equal footing. In this
approach, the spin-fluctuation contribution appears as a next-
order contribution. This is the reason for undertaking a revision
of the standard Hartree-Fock approximation. Namely, we
concentrate here on the spin-triplet states, pure and coexisting
with either ferromagnetism or antiferromagnetism, depending
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on the relative magnitude of microscopic parameters: the
Hubbard intraorbital and interorbital interactions U and U’,
respectively, the Hund’s rule ferromagnetic exchange integral
J, the relative magnitude of hybridization S, and the band
filling n. The bare bandwidth W is taken as unit of energy. In
the concluding section, we discuss briefly how to outline the
approach to include also the quantum fluctuations around this
HF-BCS (saddle-point) state as a higher-order contribution.

The role of exchange interactions is crucial in both the
so-called 7-J model of high-temperature superconductivity’
and in the so-called Kondo-mediated pairing in heavy-fermion
systems.!? In this and the following papers, we discuss the idea
of real-space pairing for the triplet-paired states in the regime
of weakly correlated particles and include both the interband
hybridization and the corresponding Coulomb interactions.
We think that this relatively simple approach is relevant to the
mentioned at the beginning ferromagnetic superconductors
because of the following reasons. Although the effective
exchange (Weiss-type) field acts only on the spin degrees of
freedom, it is important in determining the second critical field
of ferromagnetic superconductor in the so-called Pauli limit,'!
as the orbital effects in the Cooper-pair breaking process
are then negligible. The appearance of a stable coexistent
ferromagnetic-superconducting phase means that either Pauli
limiting situation critical field has not been reached in the case
of spin-singlet pairing or else the pairing has the spin-triplet
nature, without the component with spin $* = 0, and then the
Pauli limit is not operative.

The present model with local spin-triplet pairing has its
precedents of the same type in the case of spin-singlet pairing,
i.e., the Hubbard model with U < 0,'> which played the central
role in singling out a nontrivial character of pairing in real
space. Here, the same role is being played by the intra-atomic
(but interorbital) ferromagnetic exchange. We believe that this
area of research unexplored so far in detail opens up new
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possibilities of studies of weakly and moderately correlated
magnetic superconductors.'?

The structure of this paper is as follows. In Sec. II, we
define the model and the full Hartee-Fock-BCS approximation
(i.e., mean-field approximation for magnetic ordering with the
concomitant BCS-type decoupling) for the coexistent two-
sublattice antiferromagnetic and spin-triplet superconducting
phase (cf. also Appendix A for details). For completeness,
in Appendix B, we include also the analysis of a simpler
coexistent superconducting-ferromagnetic phase. In Sec. III,
we provide a detailed numerical analysis and construct the full
phase diagram on the Hund’s rule coupling-band filling plane.
We describe also the physical properties of the coexistent
phases. In Appendix C, we sketch a systematic approach of
going beyond Hartree-Fock approximation, i.e., including the
spin fluctuations, starting from our Hartree-Fock-BCS state.

II. MODEL AND COEXISTENT
ANTIFERROMAGNETIC-SPIN-TRIPLET
SUPERCONDUCTING PHASE: MEAN-FIELD-BCS
APPROXIMATION

We start with the extended orbitally degenerate Hubbard
Hamiltonian, which has the form

H= Z tllj] a) aje + U +J) Zﬁilﬁiz
il ilo i

3
+UZ llTnlli, —-J Z < ll’ + 4nllnll’>
i)

(1)

where [ = 1,2 label the orbitals and the first term describes
electron hopping between atomic sites i and j. For [ # /',
this term represents electron hopping with change of the
orbital (intersite, interorbital hybridization). The next two
terms describe the Coulomb interaction between electrons
on the same atomic site. However, as one can see, the
second term contains the contribution that originates from the
exchange interaction (J). The last term expresses the (Hund’s
rule) ferromagnetic exchange between electrons localized
on the same site, but on different orbitals. This term is
regarded as responsible for the local spin-triplet pairing in the
subsequent dlscussmn The components of the spin operator
S = (Sw w %) used in (1) acquire the form

Slxlvz = lhjlax,}””h"l’ (2)

where oy , . are the Pauli matrices and hT = (al 1191 l) In
our con51derat10ns we neglect the interaction-induced intra-

atomic singlet-pair hopping (Jal 114 zTuatZiaﬂT + H.c.) and the

correlatlon induced hopping [ano(algazg + azoalg) + 1<
21,3 as they should not introduce any important new qualitative
feature in the considered here spin-triplet paired states. What is
more important, we assume that tl.l.2 = tiz.1 and tl.“ t22 = tij,
i.e., the starting degenerate bands have the same Wldth (the
extreme degeneracy limit), as we are interested in establishing
new qualitative features to the overall phase diagram, which
are introduced by the magnetic pairing.

As has already been said, the aim of this work is to
examine the spin-triplet superconductivity coexisting with
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ferromagnetism and antiferromagnetism as well as the pure
spin-triplet superconducting phase and the pure magnetically
ordered phases. Labels defining the spin-triplet paired phases
(A and Al) that are going to be used in this work correspond
to those defined for superfluid *He according to Refs. 14
and 8. Namely, in the A phase, the superconducting gaps that
correspond to Cooper pairs with total spin up and down are
equal (A} = A_; # 0, Ag = 0), whereas in the A1 phase the
only nonzero superconducting gap is the one that corresponds
to the Cooper pair with total spinup (A # 0, A_; = Ag = 0).
In this section, we show the method of calculations that is
appropriate for the superconducting phase coexisting with
antiferromagnetism, as well as pure superconducting phase of
type A and pure antiferromagnetic phase. The corresponding
considerations for the case of ferromagnetically ordered
phases and superconducting phase Al are deferred to the
Appendix B.

From the start, we make use of the fact that the full exchange
term can be represented by the real-space spin-triplet pairing
operators, in the following manner:

J Z ( il * ll + inllntl’) = ZJZA ims (3)

i) im
which are of the form
aleTaiTzT’ m =1
aju“fzw m=—1 @)
%(ajm“jzl +afyyaby), m=0.

Furthermore, the interorbital Coulomb repulsion term can be
expressed with the use of spin-triplet pairing operators and the
spin-singlet pairing operators in the following manner:

(U’ + J)Zﬁilﬁiz = (U’ +J) (Z BZTB, + ZAijAlm> ,
Q)]
where

o 1 .
T Tt

B; = ﬁ(amam -

are the interorbital, intra-atomic spin-singlet pairing operators

in real space. Using Egs. (3) and (5), one can write our model

Hamiltonian in the form

o w. i A
H = E 1 Q1o ajro + U E A fiiny
iji#le il

+W+NY BB - —UHY AL A (D)

a;rl¢a3-2¢) (6)

It should be noted here that for J < U’, the interorbital
Coulomb repulsion suppresses the spin-triplet pairing mech-
anism and the superconducting phases will not appear in
the system in the weak-coupling (Hartree-Fock) limit. For
3d electrons,’® U’ = U — 2J, thus the necessary condition
for the pairing to occur in our model is U < 3J. Usually,
for 3d metals, we have U ~ 3J, so it represents a rather
stringent condition for the superconductivity to appear in
that situation. We use this relation to fix the parameters for
modeling purposes, not limited to 3d systems. This is also
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because, e.g., 5f electrons in uranium compounds lead to a
similar behavior as do 3d electrons. One should note that the
considered here pairing is based on the intra-atomic interorbital
ferromagnetic Hund’s rule exchange. A simple extension to the
situation with nonlocal J has been considered by Dai et al.”
Also, as we consider only the weakly correlated regime, where
the metallic state is stable, no orbital ordering is expected (cf.
Klejnberg and Spalek in Ref. 5).

In our considerations, the antiferromagnetic state represents
the simplest example of the spin-density-wave state. In this
state, we can divide our system into two interpenetrating
sublattices A and B. The average staggered magnetic moment
of electrons on each of the N /2 sublattice A sites is equal,
(S7) = (S%), whereas on the remaining N/2 sublattice B
sites, we have (S7) = (S3) = —(S3). In accordance with this
division into two sublattices, we define different annihilation
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operators for each sublattice, namely,

dilo A forie A,

dilg = . ®)
Ailo B for i € B.

The same holds for the creation operators ajla. We assume that

the charge ordering is absent. In this situation, we can write

that

(Siia) = (Siaa) = S5, (Siis) = (Sias) = =55 ©)

(ni1a) = (nina) = (nig) = (ni2g) = n/2, (10)

where n is the band filling. In what follows, we treat the
pairing and the Hubbard parts in the combined mean-field
BCS approximation. In effect, we can write the Hamiltonian
transformed in reciprocal (K) space in the form

Hygr — nN = Z[Gk(allgAakzaB + alt]agakl(rA) — 018 (Ao s — fikiop)]

klo

N . n
+ Z ex12(Ayp A Ok1o B + iy pAkioa) + Z |:§(U +2U' - J) - /Li|(ﬁklaA + AkioB)

kll'(I#£l'o)

klo

+ Y (AhaAuna + Duadl, )+ DD (AL g A + AupAl,p)

k,m==1

k,m=%1

2
A~ A~ A~ A n
+V2 3 S (AGaAron + Boadfon) + V2D (MG Avos + Mop Aygs) = N (U +2U" = )
k k

2 N

where I = U + J is the effective magnetic coupling constant
and ex) = €xp = €, is the dispersion relation. The results
presented in the next section have been carried out for square
lattice with nonzero hopping ¢ between nearest neighbors only.
The corresponding bare dispersion relation in a nonhybridized
band acquires the form

€k = —2t cos k, — 2t cosk,. (12)

As we are considering the doubly degenerate band model
situation, we make a simplifying assumption that the hy-
bridization matrix element €1, = f€x, where B, € [0,1] is
the parameter, which specifies the hybridization strength (i.e.,
represents a second scale of electron energies, in addition
to e€x). This means that we have just one active atom per
unit cell with a doubly degenerate orbital of the same kind
(their spatial asymmetry is disregarded). One should note that
the sums in (11) (and in all corresponding equations below)
is taken over N /2 independent k states. In the Hamiltonian
written above, we have also introduced the superconducting
spin-triplet sublattice gap parameters

2J —U') -
Asiap = ———x— Z(Ak,:tlA(B)>,

2(J = U ' (13)
ANoap) = _W Z(Ak,OA(B))-
k

(AP +1AZAP + A1 + A7 + 2] Aoal* + 2] A0z]), (11)

The terms N2 (U +2U’ — J) and (U +2U’ — J) in (11)
can be neglected, as they lead only to a shift of the reference
point of the system energy. One should note that since the real-
space pairing mechanism is of intra-atomic nature, there is no
direct conflict with either ferromagnetic or antiferromagnetic
ordering coexisting with it.

A. Antiferromagnetic (Slater) subbands

The diagonalization of the Hamiltonian (11) can be carried
out in two steps. In the first step, we diagonalize the one-
particle part of the Hartree-Fock Hamiltonian [the first two
sums of (11)]. Note that we have to carry out this step first
since we assume the bands are both hybridized and contain
pairing part. By introducing the four-composite fermion
operator f:m = (alla A,alh A,ailg B ,a]zzg 5)> We can express the
one-particle Hamiltonian in the following form:

Ay = fl HY fi (14)
ko

where fi, = (fi)T, and

—()‘ISSZ 0 €k €k12
0 —O’IS'YZ €k12 €k
H) = : - . (15
€k €k12 CTISS 0
€k12 €k 0 O’IS‘?
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To diagonalize this Hamiltonian, we introduce a generalized
Bogoliubov transformation to new operators dij, 4 and dijo g
in the following manner:

Vo Vo Vio —Vio

akio A - oyt oye dkioA
“VYko ~ Yko ko ko ~
agoo ax2o
koA | _ th v Ul:; Uo ~kz A ’
Aaklo B VkJ; Vk; Uli‘ Ul; ilklaB
ax2o B ak2o B
(16)
where
&z 1/2
Ulii) _ L(l " ol§? )
V2 \/(Ek + exin)? + (IS§)2
& 172 {17
Vg, = —=|1- £ .
V2 \/(Gk + exn)? + (155)2

One should note that the symbols A and B that appear as
indices of the new quasiparticle operators dgi,4 and dgjop
single out the new, hybridized, quasiparticle subbands and do
not correspond to the sublattices indices A and B as in the case
of operators ag;, 4 and ag;, 5. The dispersion relations in the
new quasiparticle representation acquire the form

€ia = —\/(Gk + exi2)* + (15’5)2,

&ip = \/(Ek + €xi2)* + (135)2, %)

koA = —\/(ék —ex2)? + (15’5)2,
&op = \/(Ek — ex12)? + (135)2-

As one can see, the new dispersion relations do not depend
on the spin quantum numbers of the quasiparticle. In general,
if €x12 is not ~ €k, we may have four nondegenerate Slater
subbands, which is not the case considered here. To express
the pairing operators that are present in the Hamiltonian (11) in
terms of the new quasiparticle operators, one can use relations
(16) and the definitions (4). The explicit form of the original
pairing operators in terms of the newly created quasiparticle
operators is provided in Appendix A.

B. Quasiparticle states for the coexistent antiferromagnetic and
superconducting phases

In the second step of the diagonalization of (11), a
generalized Nambu—Bogoliubov—de Gennes scheme is intro-
duced to write the complete HF Hamiltonian again in the
matrix form, which allows for an easy determination of its
eigenvalues. With the help of composite creation operator
ffm = (&LM,Zz_kng,&ltlaB,d_kZ(,B), we can construct this
new 4 x 4 Hamiltonian matrix and write

Hyr — nN = Z f]ingai‘ko +2 Z('gsz + &B)
ko k

—2uN +C, 19)
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with
€k1a — U Siko 0 ko
_ e —€fkat M ke 0
Hka = * ~
0 Sixo €&ip — L Sxko
83ko 0 ko —éwp + 1

(20)
and f‘k = (ff()f. The parameters §;x, are defined as follows:
Sike = AoaU Up, + Ao Vit Vi s
Soke = Doa Vi Vio + AppUp, UL,

Siko = —AoaUg Vi 4+ ApsUr, Vi,
ko = —Aoa Vit U + Ao Vig Ut .

2y

Constant C contains the last two terms of the right-hand
side of expression (11). Hamiltonian (19) and matrix (20)
have been written under the assumption that Agy = Agp =
0. Calculations for the more general case of nonzero gap
parameters for m = 0 have been also done, but no stable
coexisting superconducting and antiferromagnetic solutions
have been found numerically. The only coexisting solutions
that have been found fulfill the relation Agy = Agp = 0. This
fact can be understood by the following argument. As in the
antiferromagnetic state, all lattice sites have nonzero magnetic
moment, the Cooper pairs in the spin-triplet state for m = 0
(i.e., with the total spin S° = 0, corresponding (Axo)) are not
likely to appear. Nevertheless, we present the matrix form
of the Hamiltonian (11) for the mentioned most general case
in Appendix A. In our considerations here, we limit also to
the situation with the real gap parameters A% | AB) = Dx1ap)-
Then, the straightforward diagonalization of (20) yields to the
following Hamiltonian:

Hur — pN = Z(—l)Hl(KklaAOlLaAOlkzaA

kio
+ )\klaBaLoBaklaB) +2 Z(gsz + €x2B)
k
+ Z()»kchA + Ak2oB) —2uN +C,  (22)
ko

where Ao 4(p) are the eigenvalues of the matrix (20) and
Okl A(B) (aLU A B)) are the quasiparticle annihilation (creation)
operators, related to the original annihilation and creation
operators dgj, , &LG from the first step of our diagonalization,
via generalized Bogoliubov transformation of the form

fio = UL, 2o (23)

with ngm = (aLUA,a,kng,altlaB,a,kzaB). Eigenvectors of
the Hamiltonian matrix (20) are the columns of the diago-
nalization matrix UIT{. Using the definitions of gap parameters
A4, Aygp, the average number of particles per atomic site
n= Zl (fiira + Aj1y 4), and the average magnetic moment per
band per site S = (fliiya — Mirya)/2, we can construct the
set of self-consistent equations for the mean-field parameters
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(As14, As1p, S%) and for the chemical potential. The
averages that appear in the set of self-consistent equations
(ozlth A(B)klo A(B)) can be replaced by the corresponding Fermi
distribution functions

FI=D Ao amm] = 1/{explB(=D hgoam] + 1}, (24)

where 8 = 1/kpT. The eigenvalues and the eigenvectors of
(20) are evaluated numerically while executing the numerical
procedure of solving the set of self-consistent equations. For
a given set of microscopic parameters n, J, U, U’, and
temperature 7', the set of self-consistent equations has several
solutions that correspond to different phases.'®'® Free energy
can be evaluated for each of the solutions that have been found,
and the one that corresponds to the lowest value of the free
energy is regarded as the stable phase. The expression for the
free-energy functional in the considered case has the form

1
F === "[In(l + exp[—B(—= 1) o))
kio

+ In(1 + exp[—B(— 1) Ao 5]
+2 Z(gsz + éB) + Z()\kzm
k

ko
+Akop) — (2 —n)N + C. (25)

Numerical results are carried out for square lattice with
nonzero hopping ¢ between the nearest neighbors only.
The described above numerical scheme is executed for the
following selection of phases:

(i) normal state (NS): ALy =0, 87 =0,

(i1) pure superconducting phase type A (A): Ay =

A #0, 5 =0,
_(iii) pure antiferromagnetic phase (AF): Ayjai) =0,
57 #0,

(iv) coexistent superconducting and antiferromagnetic
phase (SC +AF)I AilA(B) ;ﬁ 0, S‘YZ ;ﬁ 0.
The ferromagnetically ordered phases, which will also be
included in our considerations in the following sections, are
listed below:

(a) pure saturated ferromagnetic phase (SEM): Ay i) =
O’ S; = Sli(max) 7é O’

(b) pure nonsaturated ferromagnetic
Asiap) = 0,0 < 87 < 8

(c) saturated ferromagnetic phase coexistent with su-
perconductivity of type Al (Al+SFM): Az = A1 #0,
Aiag) =0, 87 = Symax) # 0,

(d) nonsaturated ferromagnetic phase coexistent with su-
perconductivity of type Al (Al4+FM): A = A1 #0,
AflA(B) = 0, 0< Szi < Szi(max)'
It should be noted that S% refers to the uniform magnetic
moment per band per site in the ferromagnetically ordered
phases, whereas S? is the staggered magnetic moment that
corresponds to the antiferromagnetic phases. One could also
consider the so-called superconducting phase of type B for
which all superconducting gaps (including Ag4(p)) are equal
and different from zero. However, this phase never coexists
with magnetic ordering. What is more important in the
absence of magnetic ordering the superconducting phase A

phase (FM):
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has always lower free energy than the B phase. Therefore,
the superconducting B phase is absent in the following
discussion.

III. RESULTS AND DISCUSSION

We assume that U’ = U — 2J and U = 2.2J, so there are
actually two independent parameters in the considered model:
n and J. The energies have been normalized to the bare
bandwidth W = 8|¢|, and T expresses the reduced temperature
T =kgT/W.

A. Overall phase diagram: Coexistent magnetic-paired states

In Figs. 1(a)-1(d), we present the complete phase diagrams
in coordinates (n,J) for different values of the hybridization
parameter ;. They comprise sizable regions of stable spin-
triplet superconducting phase coexisting with either ferromag-
netism or antiferromagnetism, as well as pure superconducting
phase A. In the phase SC 4 AF, the calculated gap parameters
fulfill the relations

Apa=A_1p=A,,

Aa=Ap=A_, (26)
A+ > A_.
For the singlet paired state, one would have A 14 = —A_j4,

which is not the case here. For the case of half-filled band
n = 2, the superconducting gaps A, and A_ vanish and only
pure (Slater-type) AF survives. The appearance of the AF state
for n = 2 corresponds to the fact that the bare Fermi-surface
topology has a rectangular structure with Q = (7,7) nesting.
This feature survives also for g, # 0. Also, the symmetry of
the phase diagrams with respect to half-filled band situation is
a manifestation of the particle-hole symmetry since the bare
density of states is symmetric with respect to the middle point
of the band. This feature of the problem provides an additional
test for the correctness of the numerical results.

Itis clearly seen from the presented figures that the influence
of hybridization is significant quantitatively when it comes to
the superconducting phase A, as the region of its stability
narrows down rapidly with the increase of fj,. The stability
areas of A1+ FM and NS phases expand on the expense
of A and A1+ SFM phases. With the further increase of
the hybridization, the stability of A phase is completely
suppressed, as shown in Fig. 1(d). The regions of stable
antiferromagnetically ordered phase do not alter significantly
with the increasing hybridization. To relate the appearance of
superconductivity with the onset of ferromagnetism, we have
marked explicitly in Fig. 2 the Stoner threshold on the phase
diagram. One sees clearly that only the A1l phase appearance
is related to the onset of ferromagnetism. What is more
important, the FM phase coexisting with the paired Al phase
becomes stable for slightly lower J values than the Stoner
threshold for appearance of pure FM phase. The Al +FM
coexistence near the Stoner threshold can be analyzed by
showing explicitly the magnetization and superconducting gap
evolution with increasing J . This is shown in Figs. 3 and 4. One
sees explicitly that the nonzero magnetization appears slightly
below the Stoner threshold and is thus induced by the onset of
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FIG. 1. (Color online) Phase diagrams in space (n,J) for T = 10~* and for different values of the B, parameter: (a) 8, = 0.00, (b)
Br = 0.04, (c) B, = 0.06, (d) B, = 0.11. Labels representing different phases are described in the main text. One sees that practically all
magnetic phases here are in fact the coexistent phases with superconductivity except the half-filled situation where we have pure AF phase.

Al paired state. In other words, superconductivity enhances
magnetism. But the opposite is also true, i.e., the gap increases
rapidly in this regime, where magnetization changes. The
situation is preserved for nonzero hybridization. The transition
A—A1+4FM is sharp, as detailed free-energy plot shows.
For B, = 0.11 in a certain range of J, the superconducting
solutions A1+ FM and A can not be found by the numerical
procedure. That is why the curves representing the gap
parameters A and free energy suddenly break. The most
important and surprising conclusion is that in the Al +FM
phase, only the electrons in spin-majority subband are paired.
This conclusion may have important practical consequences
for spin filtering across NS/A1 + FM interface, as discussed
at the end. Nevertheless, one should note that the partially
polarized (FM) state appears only in a narrow window of
J values near the Stoner threshold, at least for the selected
density of states.

Summarizing, we have supplemented the well-known
magnetic phase diagrams with the appropriate stable and
spin-triplet paired states. A relatively weak hybridization
of band states destabilizes pure paired states but stabilizes

coexistent superconducting-magnetic phases except for the
half-filled band case, when the appearance of the Slater gap at
the Fermi level excludes any superconducting state. A very
interesting phenomenon of pairing for one-spin (majority)
electrons occurs near the Stoner threshold for the onset
of FM phase and extends to the regime slightly below
threshold.

B. Detailed physical properties

In Figs. 5 and 6, we show the low-temperature values of
superconducting gaps and the staggered magnetic moment
as a function of band filling. In the SC+ AF phase, both
gap parameters A, and A_ decrease continuously to zero
as the system approaches the half-filling. On the contrary, the
staggered magnetic moment S reaches then the maximum.
For the case of 8, = 0.0, below the critical value of band
filling n. &~ 1.45, the gap parameters A, and A_ are equal
and the staggered magnetic moment vanishes. In this regime,
the superconducting phase of type A is the stable one. For the A
phase, the superconducting gap decreases with the band-filling
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FIG. 2. (Color online) Phase diagrams zoomed in space (n,J)
with the dashed line marking the Stoner threshold for the onset of
pure ferromagnetism. The values of the hybridization parameter are
Bu: (a) By = 0.00, (b) B, = 0.11, while the temperature is T = 107*.

decrease and becomes zero for some particular value of n.
Below that value, the NS (paramagnetic state) is stable. It
is clearly seen that the appearance of two gap parameters
above n, is connected with the onset of the staggered-moment
structure, as above n, we have S # 0 [cf. Fig. 5(b)]. For
comparison, we also show the staggered moment for pure
AF in Figs. 5(b) and 6(b) (dashed line). As one can see, the
appearance of SC increases slightly the staggered moment in
SC + AF phase. For f;, = 0.11 below some critical value of
band filling n. ~ 1.473 in a very narrow range of n, a pure
AF phase is stable. The inset in Fig. 6(a) shows that there
is a weak first-order transition between the AF + SC and SC
phases as a function of doping. The A phase is not stable in
this case.

One should mention that the easiness with which the
superconducting triplet state is accommodated within the
antiferromagnetic phase stems from the fact that the SC gaps
have an intra-atomic origin and the corresponding spins have
then the tendency to be parallel. Therefore, the pairs respect the
Hund’s rule and do not disturb largely the staggered-moment
structure, which is of interatomic character.

In Fig. 7,we show temperature dependence of the free
energy for the six considered phases for the set of microscopic
parameters selected to make the SC+ AF phase stable at
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FIG. 3. (Color online) Magnetic moment (per orbital per site),
ground-state energy, and superconducting gap as a function of J
near the Stoner threshold for n = 1 and g, = 0.0. Black vertical line
in the inset marks the onset of saturated magnetism at the Stoner
threshold.

T = 0 and for B, = 0. Because the free-energy values of the
A and NS phases are very close, we exhibit their temperature
dependencies zoomed in Fig. 7(b). The same is done for
the free energy of phases Al +FM and FM. For the same
values of n, J, U, and U’, the temperature dependence of the
superconducting gaps and the staggered magnetic moment in
SC + AF phase are shown in Fig. 8 for selected 8, values. For
given B, below the superconducting critical temperature Ty,
the staggered magnetic moment and the superconducting gaps
have all nonzero values, which means that we are dealing with
the coexistence of superconductivity and antiferromagnetism
in this range of temperatures. Both Ay and A_ vanish at
Ts, while the staggered magnetic moment vanishes at the
Néel temperature Ty > Ts. In Fig. 9, one can observe that
there are two typical mean-field discontinuities in the specific
heat at Ts and Ty for a given Bj. The first of them, at Ty,
corresponds to the phase transition from the SC + AF phase
to the pure AF phase, while the second, at Ty, corresponds to
the transition from the AF phase to the NS phase. The values
of the ratios of the specific heat jump (Ac/cy) at T¢ that
correspond to g, = 0.0, 0.4, 0.6 are 15.075, 16.298, 17.375,
respectively. No antiferromagnetic gap is created since we have
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FIG. 4. (Color online) Magnetic moment (per orbital per site),
ground-state energy, and superconducting gap as a function of J near
the Stoner threshold for n = 1 and B, = 0.11. Black vertical line in
the inset marks the onset of magnetism at the Stoner threshold.

number of electrons n < 2. The specific-heat discontinuity at
the AF transition is due to the change of spin entropy near Ty .
For n = 2, the formation of the Slater gap at Ty makes the
superconducting transition to disappear. As one can see form
Figs. 8 and 9, with the increase of 8, the critical temperature
Ty is decreasing slightly, while the Néel temperature increases,
but the ratio remains almost fixed, Ty /T¢ =~ 10.

Temperature dependence of free energies of relevant
phases are presented in Fig. 10 (8, = 0) for the microscopic
parameters selected to make the Al+ FM phase stable at
T = 0. Free energies for A and Al 4+ FM phases are drawn
only in the low-7 regime [Fig. 10(b)] for the sake of
clarity. The corresponding temperature dependence of the
superconducting gaps, magnetic moment, and specific heat
in A1 4 FM phase for three selected values of ), are shown in
Fig. 11. Analogously as in the SC 4 AF case, the system un-
dergoes two phase transitions. The influence of hybridization
on the temperature dependencies is also similar to that in
the case of coexistence of superconductivity with antiferro-
magnetism. With the increasing B, the critical temperature
Ts is decreasing slightly, whereas the Curie temperature T¢
is slightly increasing, but still 7¢/Ts ~ 5. The values of
the ratios of the specific heat jump (Ac/cy) at T¢ that
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FIG. 5. (Color online) Low-temperature values of the supercon-
ducting gaps and the staggered magnetic moment both as a function
of band filling for B, =0 and J = 0.175. The stable phases are
appropriately labeled in the regimes of their stability. Note that
A_ K A,,i.e., the paired state is closer to Al state than to A state
in the coexistent regime.

correspond to B, = 0.0, 0.2, 0.4 are 1.329, 1.421, 0.793,
respectively.

For the sake of completeness, in Fig. 12 we provide the
temperature dependence of superconducting gap for the values
of parameters that correspond to stable pure superconducting
phase of type A at T = 0 and for three different values of
Bn. In this case, neither the antiferromagnetically ordered
nor the pure ferromagnetic phases exist. As in previous
cases, the increasing hybridization decreases T. It should be
noted that the values of B, are very close to zero. This is
necessary to assume for the A phase to appear. The values
of the ratios of the specific heat jump (Ac/cy) at T¢ that
correspond to B, = 0.0, 0.035, 0.006 are 1.382, 1.326, 1.202,
respectively.

In Table I we have assembled the exemplary values
of mean-field parameters, chemical potential, as well as
free energy for two different sets of values of microscopic
parameters corresponding to the low-temperature stability of
two considered here superconducting phases: SC + AF and
A1+ FM. For the two sets of values of n and J, the free-energy
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FIG. 6. (Color online) Low-temperature values of the supercon-
ducting gaps and the staggered magnetic moment as a function of
band filling for g, = 0.11 and J = 0.175. Note the disappearance of
the pure A phase and that again A_ < A . The inset in (b) illustrates
the fact that a pure AF phase appears in a very narrow regime of n
before the SC + AF phase becomes stable, whereas the inset in (a)
shows the free energy of those two phases for n close to n¢c when a
weak first-order transition occurs.

difference between the stable and first unstable phases is of
order 1073, The values for the stable phases are underlined.

IV. CONCLUSIONS AND OUTLOOK

We have carried out the Hartree-Fock-BCS analysis of
the hybridized two-band Hubbard model with the Hund’s-
rule induced magnetism and spin-triplet pairing. We have
determined the regions of stability of the spin-triplet paired
phases with Ay = 0, coexisting with either ferromagnetism
(A1 4+ FM) or antiferromagnetism (SC + AF), as well as pure
paired phase (A). We have analyzed in detail the effect of
interband hybridization on stability of the those phases. The
hybridization reduces significantly the stability regime of the
superconducting phase A, mainly in favor of the paramagnetic
(normal) phase NS. For a large enough value of 8, (8, >
0.08), the A phase disappears altogether. When it comes to
magnetism, with the increase of B, the stability regime of
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FIG. 7. (Color online) (a) Temperature dependence of the free
energy for considered phases for n = 1.9 and J = 0.175 when the
SC + AF phase is stable at T = 0. The free-energy values of A and
NS phases are very close, so we exhibit their temperature dependence
blown up in part (b).

the saturated ferromagnetically ordered phase is reduced in
favor of the nonsaturated. The influence of the hybridization
on the low-temperature stability of the SC + AF phase is not
significant. When the system is close to the half-filling, the
SC + AF phase is the stable one. However, for the half-filled
band case (n = 2), the superconductivity disappears and only
pure antiferromagnetic state survives since the nesting effect
of the two-dimensional band structure prevails then.

We have also examined the temperature dependence of
the order parameters and the specific heat. For both co-
existent superconducting and magnetically ordered phases
(SC+ AF and Al +FM), one observes two separate phase
transitions with the increasing temperature. The first of them,
at substantially lower temperature (7), is the transition from
the superconducting-magnetic coexistent phase to the pure
magnetic phase and the second, occurring at much higher tem-
perature (Ty or T¢), is from the magnetic to the paramagnetic
phase (NS). The hybridization has a negative influence on
the spin-triplet superconductivity since it reduces the critical
temperature for each type of the spin-triplet superconducting
phase considered here. On the other hand, the Curie (7¢) and
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the Néel (T ) temperatures are increasing with the increase of
the B, parameter, as it generally increases the density of states
at the Fermi level (for appropriate band fillings).

One should note that since the pairing is intra-atomic
in nature, the spin-triplet gaps A,, are of the s type. This
constitutes one of the differences with the corresponding
situation for superfluid >He, where they are of p type.?

It is also important to note that the paired state appears
both below and above the Stoner threshold for the onset of
ferromagnetism (cf. Fig. 2), although its nature changes (A
and A1 states, respectively). In the ferromagnetically ordered
phase, only the spin-majority carriers are paired. This is not the
case for the AF + SC phase. It would be very interesting to try
to detect such highly unconventional SC phase. In particular,
the Andreev reflection and, in general, the NS/SC conductance
spectroscopy will have an unusual character. We should see
progress along this line of research soon.

As mentioned before, all the results presented in the
previous section have been obtained assuming that U = 2.2J
and U’ = U — 2J.Having said that, the value of J¥# = J — U’
determines the strength of the pairing mechanism, while
I = U + J is the effective magnetic coupling constant, one
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FIG. 8. (Color online) Temperature dependencies of the super-
conducting gaps A, A_ and of the staggered magnetic moment for
n = 1.9, J = 0.175 and for selected values of the 8, parameter. Note
that Ts < TN.
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FIG. 9. (Color online) Temperature dependence of the specific
heat forn = 1.9, J = 0.175, and for selected values of 8, parameter.
The behavior is almost independent of S, value and the ratio
Ty/Ts ~ 10.
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FIG. 10. (Color online) Temperature dependence of the free
energy for n = 1.0 and J = 0.31625 when the Al + FM phase is
stable at T = 0. AF phases do not appear in this case. Free energies
for A and A1 4 FM phases are shown in the low-T regime (b) for the
sake of clarity.
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FIG. 11. (Color online) Temperature dependence of the super-
conducting gaps Ay, A_, magnetic moment (a), and specific heat
(b) for n =1.0, J =0.31625, and for selected values of f.
Qualitative features do not alter appreciably even for 8, = 0.4. The
ratio ¢/ Ts =~ 5.

can roughly predict how will the change in the relations
between U, U’, and J result. It seems reasonable to say that the
larger J is with respect to U’, the stronger the superconducting
gap in the paired phases. This would also result in the increase
of T¢ and a corresponding enlargement of the area occupied
by the superconducting phases on the diagrams. Furthermore,
the increase of U with respect to J should result in the
increase of the ratios T¢/Ts and Ty /Ts. This is because in
that manner we make the magnetic coupling stronger with
respect to the pairing. If we, however, increase U but do not
change J¥, then the strength of the pairing would be the
same but the magnetic coupling constant would be stronger so
this would favor the coexistent magnetic and superconducting
phases with respect to the pure superconducting phase. Quite a
stringent necessary condition for the pairing to appear J > U’
(equivalent to 3J > U if we assume U’ = U —2J, as has
been done here) indicates that only in specific materials one
would expect for the Hund’s rule to create the superconducting
phase. This may explain why only in very few compounds
the coexistent ferromagnetic and superconducting phase has
been indeed observed. Obviously, one still has to add the
paramagnon pairing (cf. Appendix C).
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FIG. 12. (Color online) Temperature dependencies of the super-
conducting gaps A, A_ (a), and the specific heat (b) for n = 1.25,
J = 0.175, and for selected values of ), parameter.

It should be noted that more exotic magnetic phases may
appear in the two-band model.'” Here, we neglect those phases
because of two reasons. First the lattice selected for analysis
is bipartite, with strong nesting (AF tendency). Second the
additional ferrimagnetic, spiral, etc., phase might appear if we
assumed that the second hopping integral ¢’ £ 0. Inclusion of
' would require a separate analysis, as the lattice becomes
frustrated then.

TABLE 1. Exemplary values of the mean-field parameters, the
chemical potential, and the free energy of the considered phases at
T = 10~* for two different sets of values of microscopic parameters:
n, J. The underlined values correspond the stable phases. The
numerical accuracy is better than the last digit.

n=19 n=1.0
Parameter Phase J =0.175 J =0.31625
A A 0.0097911 0.0208481
A Al+FM 0.0056821 0.0482677
Ay SC+ AF 0.0210081
A_ SC + AF 0.0017366
Sz Al + (S)FM 0.1134254 0.2500000
: (SFM 0.1144301 0.2500000
N SC + AF 0.3340563
A\ AF 0.3314687
" A —0.0107669 —0.1815757
“w NS —0.0094009 —0.1799612
n Al + (S)FM —0.0175982 —0.2530000
" (S)FM —0.0178066 —0.253000
“w SC+ AF —0.1708890
I AF —0.1859011
F A —0.4050464 —0.3286443
F NS —0.4048522 —0.3282064
F Al + (S)FM —0.4062039 —0.3314652
F (S)FM —0.4061793 —0.3291425
F SC + AF —0.4489338
F AF —0.4469097
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APPENDIX A: HAMILTONIAN MATRIX FORM IN THE
COEXISTENT SC + AF PHASE AND QUASIPARTICLE
OPERATORS

In this appendix, we show the general form of the
Hamiltonian matrix Hy and the pairing operators expressed

€kia — 1 0 Skt Sikty
0 €kia — M Sk}t d1kly
(STkM 5Tk¢¢ —€xoa + 1L 0
a | ke 5, 0 —&on + 1
0 0 Sy Sinery
0 0 Sy Bl
8344 83,1 0 0
83kpy 831y 0 0

The ko are the generalization of parameters introduced
earlier in Eq. (16):

(Slkoa’ = Aso'a U]j; Uk_g’ + AUG'BVk-; Vk;”

82km7’ = Ago'a Vk-; Vk_g" + AU(T'BUI:; Uk_tr”

83](00’ - _AUG’A U]j;, Vk:r’ + Ag‘o’B Vk-; Uk_a”

84km7’ = _AGU’A thr Uk_a’ + Amy/B Ul;tr Vk;”

(A3)

where Appag) = Ariam), Apjam) = A-iam), Apras =
Atyam) = Boan)-

In the following, we present the pairing operators expressed
in terms of the quasiparticle creation operators that we
have introduced during the first step of the diagonalization
procedure of the Hamiltonian (11):

AAIT(UA = UgU@&ilaA&T—kzaA + Vi Vk;&ltlaBdT—kZUB
- Ulz; Vk;dltlaAdikZGB - ka)' Uk;dltlaBdikZUA’
AI«;B = Uy, Ul;rélilaB&ikZJB + Vi Vk_zrdliloAdT—kZGA
+ Uy, Vk:ral];l(rB&T—kZUA + Vi Uk_(raltl(rAaT—kZ(rB’ (A4)
A= L > (W Ugal, aa
K4 =5 ko Vke k1o A% K26 A
o
+ Vi ij’rdltlaB&T—k%rB Vo Uljz_?al];laB&T—kZEA
~ Uy, Vk}dliloAdim&B)’

N 1
i T
Agop = —= Z(Vka Vo k1549 K25 4
V24
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in terms of the quasiparticle creation operators from the first
step of the diagonalization procedure discussed in Sec. II.

For the case of nonzero gap parameters Ag4(p), we have to
use eight element composite creation operator

ot 1 ~ ~ =1
k = (Ax1445051 ) 4>0-k214,0-K2 A5x4 >

4 ~
Ay g d—k21B-0—k2|B)s

to write the Hamiltonian (11) in the matrix form

Hyr — uN = Z f]];Hki'k +2 Z(gku + €xop) — 2uN + C,

k k
(A1)
where f,, = (£1)7, and
0 0 83k¢¢ 53k¢¢
0 0 83k¢¢ 83k¢¢
84kTT 84k¢¢ 0 0
Sty Ouy 0 0 a2
&g — 14 0 ak11 oKty
0 €k1p — U Skt Sk
83kt Skyr et 0
83kry 83y ) 0 —€kp + 1

+ =T At —ytst st
+ Uiy Urs 16 88 1058 + Uiy Vi 1039 k25 4
+ Vo Ul;-fdllaAdT—kzﬁB)- (A5)

APPENDIX B: HAMILTONIAN MATRIX AND
QUASIPARTICLE STATES FOR THE COEXISTENT
FERROMAGNETIC-SPIN-TRIPLET SUPERCONDUCTING
PHASE

In this appendix, we show briefly the approach to the
coexistent ferromagnetic-spin-triplet superconducting phase
within the mean-field-BCS approximation. In analogy to the
situation considered in Sec. II, we make use of relations (3) and
(5) and transform our Hamiltonian into the reciprocal space
to get

Hyr — uN = Z (ek — 1 — 0 18%) e
klo

i
+ E €12k Ay 5 Akl'o
KII'(I#£])o

k,m=%1

++2 Z(Agﬁk,o + AOALO)
K

[AL? + AP + 2|40
J=U

+N{ +21(S;)2},

(B

014505-12



COEXISTENCE OF SPIN-TRIPLET SUPERCONDUCTIVITY ...

where §7 is the uniform average magnetic moment and this
time the sums are taken over all N independent k points, as here
we do not need to perform the division into two sublattices.
In the equation above, we have omitted the terms that only
lead to the shift of the reference energy. Next, we diagonalize
the one-particle part of the HF Hamiltonian by introducing
quasiparticle operators

1
dkle = ﬁ(akla + axao ),

] (B2)
2o = E(_akla + ak2s),
with dispersion relations
&io = €k — b — o 1S° + |erxl,
(B3)

€2e = €k — b — 0 1 5° — |€1k].

Using the four component composite creation operator

fl = (am,aku,a k2t,d-k2y), We can construct the 4 x 4
Hamiltonian matrix and write it in the following form:

Hyr — uN = Z f]il:lkfk + Z € + C, (B4)
k ko
where
&1y 0 Ay Ag
- 0 €1y Ag Ay
Hy = * o - , B5
k Al AO —€x2¢ 0 ( )
AL A0 —&g

with f, = (f‘lT()T. Symbol C refers to the last two terms of
the right-hand side of expression (B1). After making the
diagonalization transformation of (B5), we can write the HF
Hamiltonian as

Hyr — N = Z)Vklaaltlgakla + Z(gkza — Mk2o) + C,
klo ko
(B6)

where we have again introduced the quasiparticle operators
ke and aLU. Assuming that Ay = 0 and that the remaining
gap parameters are real, we can write the dispersion relations
for the quasiparticles Ay, in the following way:

Mt = (6 — 1 — ISP + A2+ Byle.

May = (e — 1+ 12 + A2, + Blel.
(B7)

Mt = (e — p— IS + A2 = Bled.

Moy = (e — o+ ISP + A2, - Bylel.

In this manner, we have obtained the fully diagonalized
Hamiltonian analytically for the case of superconductivity
coexisting with ferromagnetism. Next, in the similar way as for
the antiferromagnetically ordered phases, we can construct the
set of self-consistent equations for the mean-field parameters
A1, S5 and for the chemical potential, as well as construct
the expression for the free energy.
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APPENDIX C: BEYOND THE HARTREE-FOCK
APPROXIMATION: HUBBARD-STRATONOVICH
TRANSFORMATION

In outlining the systematic approach going beyond the
Hartree-Fock approximation, we start with Hamiltonian (7)
with the singlet pairing part ~ (U’ + J) Y, Bj B; neglected,
ie.,

H H0+UZI’L,1T”111¢_JHZA”” ims (Cl)

im

where H, contains the hopping term, and J7 = J — U’. We
use the spin-rotationally invariant form of the Hubbard term

52
Ripfiy, = ,% — (i - Sa)?, (C€2)
where 7;; =) Ay, and [i; is an arbitrary unit vector
establishing local spin quantization axis. One should note that,
strictly speaking, we have to make the Hubbard-Stratonovich
transformation twice for each of the last two terms in (C2)
separately. The last term will be effectively transformed in the
following manner:

—JH Z Al A

- Z(AWAW + A A

im

— A P17, (C3)

where A;,, is the classical (Bose) field in the coherent-state
representation. The term (C2) can be represented in the
standard form through the Poisson integral

N 2
exp (Z) \/_f dx,( > +a,x,> (C4)

In effect, the partition function for the Hamiltonian (C1) will
have the form in the coherent-state representation

Z = /Dazlay ,[gvAlm’A,ma)\ ]

) a
X exp <—/0 dT{ Z a;la |:tll]l + <¥ - M)Sijall’}ajl’a

ijll'o
_Z[A' (DA}, (0 + AL (DA m_w}
- m im im im JH
_Z\/_)ulluzl 1l+)»ll}> (CS)

where we have included only the spin and the pairing
fluctuations. In this paper, tll]’ =t;;6p +(1— (S,,,)ti']?, Also,
the integration takes place in imaginary-time domain and
the creation and annihilation operators are now Grassman
variables.?’ In this formulation, A;, and A; represent local
fields which can be regarded as mean (Hartree-Fock) fields
with Gaussian fluctuations.
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With the help of (CS5), we can define “time-dependent”
effective Hamiltonian

Ay =Y dlal,(aje(t)— 17y [Aimm/i?m(r)

ijll'oc im
+ A?m(T)AAim(T) - |Aim(f)|2:|

32
)\’il(t)}’ (C6)

-U Z I:Xil(f) -Su(r) + >

where now the fluctuating dimensionless fields are defined as

F(0) = V2 (T) Aj(T)
R U JH

Note that the magnetic molecular field ~ U X,-[(l') is sub-
stantially stronger than the pairing field ~ J HAim(T). In
the saddle-point approximation A;(7) = A;e;, A;u(t) =

(€N
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AY (t) = A, and we obtain the Hartree-Fock-type approxi-
mation. Therefore, the quantum fluctuations are described by
the terms

—U Y 8ha(r) - 8u(r)
il
— IS BAMDAL @) +8AL, (D Am(D]. (C8)
The first term represents the quantum spin fluctuations of the
amplitude 6X;;(t) = A;(r) — Ae;, and the second describes
pairing fluctuations. Both fluctuations are Gaussian due to

the presence of the terms ~ 63\?,(1) and [8A;,(7))?. In
other words, they represent the higher-order contributions
and will be treated in detail elsewhere. In such manner, the
mean-field part (real-space pairing) and the fluctuation part
(pairing in k space) can be incorporated thus into a single
scheme.
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