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Renormalization of spin polarised itinerant electron
bands in the normal state of a model ferromagnetic
superconductor®
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This paper studies the normal state properties of itinerant electrons in a toy model, which is constructed according
to the model for coexisting ferromagnetism and superconductivity proposed by Suhl [Suhl H 2001 Phys. Rev. Lett.
87 167007]. In this theory with ferromagnetic ordering based on localized spins, the exchange interaction J between
conduction electrons and localized spin is taken as the pairing glue for s-wave superconductivity. It shows that this J
term will first renormalize the normal state single conduction electron structures substantially. It finds dramatically
enhanced or suppressed magnetization of itinerant electrons for positive or negative J. Singlet Cooper pairing can be
ruled out due to strong spin polarisation in the J > 0 case while a narrow window for s-wave superconductivity is

opened around some ferromagnetic J.
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1. Introduction

The coexistence of ferromagnetism and supercon-
ductivity discovered in UGe,! and ZrZn,!?! is of fun-
damental importance in condensed matter physics.
First of all, the magnetic moment of uranium due to f
shells in UGe, can be considered as localized. In con-
trast to that, the material ZrZn, has much less local-
ized d electrons. Therefore attempts to construct su-
perconductivity and ferromagnetism within the same
electron system are not very convincing.l3! For ex-
ample, the single-band mean-field model® of coexis-
tent ferromagnetism and s-wave superconductivity is
clearly energetically not favoured.®—7]

Recently, Suhl proposed an alternative model for
the coexistence of ferromagnetism and s-wave super-
conductivity in UGey.[l In this model of localized
spins and itinerant electrons, the simultaneous onset
of the fascinating coexistence may be explained as a
coupling of two conduction electrons via one localized
spin. The origin that the small average polarisation
of each local spin in a net mean exchange field facili-
tates binding of electron pairs is assumed to be due to
some mechanism not described there. In this scenario
for ferromagnetic superconductivity, the exchange in-
teraction Jo, - S; at lattice site ¢ between conduction
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electrons spins o, and localized spins 5; plays mainly
the role of pairing glue for the singlet Cooper pairs
of conduction electrons.l®8 This conclusion is math-
ematically realized by retaining only the anomalous
average of conduction electron operators in the sec-
ond order product JQO';FJZS; Sf, where O';t and SijE
are transverse spin operators. However, it is interest-
ing that this exchange interaction affects the normal
state itinerant electrons before superconducting tran-

sition occurs.

2. The model
method

and calculation

In this paper, we study the normal state prop-
erties of itinerant electrons to the second order of J.
Specifically we adopt the Green’s function method to
evaluate the normal average of conduction electron op-
erators in the second order product J QU;F o, S; S,f in
the presence of ferromagnetic ordering based on local-
ized spins.

In order to introduce the magnetic ordering on
localized spins explicitly, we constructed a toy model
by adding a weak ferromagnetic Heisenberg term
—JyS; - S; to the model discussed in Refs. [3] and
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[8]. Note that the fermion representation for the con-

. . R
duction electron spin operators o, = (¢, 078 /¢,
¢l oV ¢ el oz ci.). Then the total Hamiltonian

is

H = ZTW Czacjcr

ijo
+ JZ

+57cljein + S cleall. (1)

Juy S-S,
ij

c 1Cit — Tlcil)

At zero temperature, this Heisenberg coupling
will introduce a magnetization proportional to N.S
in the localized spin (of spin S) system, where N
We will adopt the
linearized Holstein-Primakoff representation[g] (ST =

aiV2S,8; = T\ﬁ S,8% =S —a] al) for the local-

ized spins. The main quantum effect due to the trans-

is the number of lattice sites.

verse Heisenberg coupling is the bosonic spin—wave ex-
citations (magnons). Here we just consider the hop-
ping (¢) and the exchange interaction (Jg) between
nearest-neighbours. Making use of Fourier transfor-
mation, we find that the toy model Hamiltonian dis-

cussed in this article becomes
H = Zskaczdc,w + quallaq
+JV2SN Z [ ohiChiar +hc] . (2)

Here the three terms account for the spin-polarised
conduction electrons, the magnons and coupling be-
tween the two subsystems, respectively. In this paper,
we will for simplicity work on a square lattice whose
number equals the number of both localized spins and
itinerant electrons and assume S = 1. The conduc-
tion electron bands polarised by the z-component of

the exchange interaction is
Ere = —2t (cosky + cosky) — pu+oJS, (3)

where the chemical potential 1 = 0 is at half-filling.
The magnon energy is

1
we =8JyS [1 ~3 (cos gy + cosqy)} .

We define the thermal Green’s functions for the
spin-polarised conduction electrons as follows:

G, (k7,7 = (T e (DL, ()]) . @)
So the Matsubara Green’s functions for polarized
conduction electrons in the absence of the electron—
magnon scattering are

gg (k’ iwn) =T . ___ (5)

1Wy, — Epy

with fermionic frequencies iw, = i(2n 4+ 1)T, where

T is temperature (times Boltzmann constant). Simi-
larly, those for magnons are
D(gyiv,) = — (©
v,) = ———
9,1V, iv,, — Wg
with bosonic frequencies v, =i2mT.

We treat the renormalization effects of the third
term of Eq. (2) to the spin-polarized conduction elec-
tron energy bands by the technique of Feynman dia-
gram. Here, we only discuss the single particle spin-
flip processes in the transverse second order product
J?0f07 87 S; and its h.c. term as shown in Fig. 1.
Thus, to the second order of the electron—-magnon
scattering, we obtain the self energies

—28J°87 N7V Y D
iv,,,9

(k+o0q,iw, +oiv,,) (7)

Ly (kyiw,) = (q:iv,,)

x G,

for the spin-up (¢ = +1) and spin-down (¢ = —1)

conduction electrons, respectively.

(b)

Fig. 1. Feynman diagrams of the second order corrections
to the Green’s functions of spin-up (a) and spin-down (b)
conduction electrons.

The Matsubara imaginary frequency summation
is performed by complex integration method!*?! using
the Fermi and Bose distributions n (w) and f(g). The
self energies are worked out as

L (kiw,) = 25727 'N!

v Z n (wq) + f(gk-i-Ql)K (8)

2 lwy T Wg —€p1q;

and

2 (kyiw,) = 25727 ' N~

% Z n (wq) + f(igk*lﬁ). (9)

Wy, —Wg — Ep_qp
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Through the Dyson equation
g;l (k7lwn) = gg—l (k71wn) - Zo’ (k7 lwn) (10)

— w + i0T in
G, (k,iw, ), we obtain the spectral functions of the

and analytic extrapolation jw,

spin-polarized conduction electrons renormalised by
the electron-magnon scattering

A, (k,w) = —%Imga (k,w). (11)

3. Results and discussions

First, Let us present the conduction electron
structures in the absence of the electron-magnon scat-
tering. At half-filling, the Fermi surface of the un-
polarised conduction electrons is nested to the MBZ
boundary for J = 0. The Fermi wave vector along the
Brillouin zone diagonal k%, = 7/2. The two Fermi sur-
faces of the spin-polarised conduction electrons given
by €., = 0 are symmetric around the MBZ bound-
ary. In this case, the two diagonal Fermi wave vec-
tors are defined by k$7 = cos™1(0JS/4t). The two
Fermi surfaces are interchanged when the sign of J
is reversed. Magnetization of itinerant electrons is
directly defined by the area between the two Fermi
surfaces with orientation parallel to that of the local-
ized spin system when J < 0. We plot the evolution
of the Fermi surfaces in Fig. 2. Second, we present
our results of self-energy corrections at zero temper-
The Fermi levels defined by G, (k,iw,) are
located by positions of maxima of the spectral func-
tions A, (k,w) with w = 0. The Fermi surfaces of the

ature.
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spin-polarized conduction electrons are modified by
the electron-magnon scattering substantially. These
features can be seen in Fig. 3. For J > 0 shown in Fig
3(a), the two Fermi surfaces are shifted further away
from the MBZ boundary in comparison with those in
the absence of the electron-magnon scattering. Thus
the magnetization of itinerant electrons is dramati-
cally enhanced. This is not surprising since antiferro-
magnetic J is actually the Kondo s—d exchange. On
the contrary, the modified Fermi surfaces for ferro-
magnetic J displayed in Fig. 3(b) are pushed closer to
the MBZ boundary. In other words, the conduction
electron magnetization is strongly suppressed by the

electron-magnon scattering in the J < 0 case.

1.0

1.0

Fig. 2. Fermi surfaces of spin-polarised conduction elec-
trons without the self energy corrections at J = 0.3¢t. The
magnetic Brillouin zone (MBZ) boundary is the Fermi sur-
face at J = 0. Wave vectors and parameters are in unit of
7 and t in all figures.

Fig. 3. (a) Fermi surfaces of spin-polarised conduction electrons with (black-solid-up/white-open-down triangles

for spin-up/spin-down) and without (lines) modifications due to the electron-magnon scattering. Here, J;; =
0.001¢ and J = 0.8¢t. (b) The same as (a) except J = —0.8t.
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A complete view of Fermi surface modifications
by the exchange interaction between conduction elec-
tron and local spin can be obtained by the J variation
of the diagonal Fermi wave vector kbl of spin-up con-
duction electron as plotted in Fig. 4.
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Fig. 4. Spin-up Fermi wave vectors along Brillouin

zone diagonal direction versus J with (cirles) and without
(dashed line) renormalizations due to the electron-magnon

scattering.
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Fig. 5. The same as Fig. 3(a) at J = —0.9¢t. Note, the
black-solid-up and white-open-down triangles are shifted
across the MBZ boundary in comparison with Fig. 3(b).

In the J > 0 region, kl, (< kp! < kg) mono-

tonically decreases as J increases. But for ferro-
magnetic J, k; varies very differently from kET. We
find that k’; is renormalized to the paramagnetic kg
again at some critical value J,(Jy) besides the J =0
case. For example, J (Jy = 0.01t) ~ —1.2t and
J.(Jy = 0.001t) ~ —0.85¢ as found in Fig. 4. We have
chosen J = —0.8¢ close to J,(Jp) in Fig. 3(b). We plot
the Fermi surfaces for J = —0.9¢ by the other side of
J.(Jy) in Fig. 5, where the Fermi surfaces of spin-
up and spin-down conduction electrons are nearly ex-
changed across the MBZ boundary in comparison with
Fig. 3(b). In other word, the magnetization of itiner-
ant electrons is reversed by the two sides of J (Jy)
due to strong electron-magnon scattering.

Finally, we remark the obvious implications of
these effects on Suhl’s scenario of ferromagnetic su-
perconductivity. The strong spin polarization in the
normal state electronic structures, stems from the self
energy corrections, rules out the singlet Cooper pair-
ing for J > 0. Binding s-wave electron pairs facili-
tated by anomalous second order self energy may most
likely be realized in the narrow window around some
J.(Jg) < 0, where the magnetization of itinerant elec-
trons nearly vanishes.

4. Conclusion

In conclusion, we study the normal state proper-
ties of itinerant electrons in Suhl’s model for coexist-
ing ferromagnetism and superconductivity. We show
that the exchange interaction J between conduction
electrons and localized spin will firstly renormalize
the normal state single conduction electron structures
substantially before serving as pairing glue. We find
dramatically enhanced or suppressed magnetization of
itinerant electrons for positive or negative J. Singlet
Cooper pairing can be ruled out due to strong spin
polarization in the J > 0 case while a narrow window
for s-wave superconductivity is opened around some
ferromagnetic J.
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