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Mechanism of superconductivity in a two-dimensional double-exchange system
with spin-orbit coupling
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We propose a mechanism of unconventional superconductivity in a two-dimensional double-exchange sys-
tem with spin-orbit coupling. We show that a Chern-Simons term is induced by integrating out the conduction-
electron fields. In the presence of the Chern-Simons term, the conduction electrons behave like skyrmion or
antiskyrmion excitations for the core spin system, which leads to a disordered state of the core spins. After
magnetic long-range order is destroyed, the Chern-Simons term becomes dominant for the low-energy physics
and leads to @-wave pairing state of conduction electrons.
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The occurrence of unconventional superconductivity incorrelation between core spins for simplicity. We perform a
strongly correlated electron systems is one of the fascinatin§U(2) transformation at each site so that Hund coupling has
problems in condensed-matter physics. A typical candidate ig diagonal form. The gauge field, which describes the fluc-
the set of highF, cuprates. Superconductivity of cuprates tuation of the core spins, is introduced in this process. By the
occurs on a hole-doped antiferromagnetic insulafbine un-  derivative expansion we show that the Chern-Simons term is
doped parent compound has a layered structure of ,cudnduced after th(_e conduction-electron fields are i_ntegrated
planes and is a Mott insulator with spins at Cu sites antiferOUt- The conduction electrons are related to skyrmion or an-
romagnetically ordered. Upon doping with holes in the GuO tiskyrmion excitations depending on their spin through the

plane, antiferromagnetic long-range order is destroyed anggern—&mokns term. A iondt_;ctpn (F‘]Iectrqn with(|) ﬁ.ﬂ'n
d-wave superconductivity emerges. It seems that the occufiduces as yrmiokantiskyrmion in the spin system. These

rence of superconductivity in high; cuprates is based on a skyrmion excitations introduce disorder for the core spins. If

: . they destroy ferromagnetic long-range order, the Chern-
disordered spin background and the layered structure Ogimons term becomes dominant for the low-energy physics.

C_:u_OZ plane is essential for the occurrence of superconducl—zor the conduction electrons, the Chern-Simons term leads

tivity. o , to ap-wave pairing state. The pairing mechanism is similar
Superconductivity in SRuG,,” which has the same crys- 5 that found by Greiter, Wen, and Wilczek in the

tal structure as LaCuQ,, also occurs near magnetic ordering. ,,— 1/2 quantum-Hall systeth. Contrary to anyon

SrpRUQ, has a layered structure of Ru@lane instead of  syperconductivity® quasiparticles do not obey the semion

CuQ;, plane. It belongs to the Ruddlesen-Popper seriegtatistics because the Chern-Simons term does not alter the

Sty+1RU,O34+ 1, Which are multilayered compounds with  statistics of particles.

the number of Ru@planes per unit cell. With increasimga The Hamiltonian for a two-dimensional double-exchange

ferromagnetic correlation becomes large andrther com-  system with spin-orbit coupling is given by

pound SrRu@ has three-dimensional ferromagnetic oréler.

For n=1, which is the case of SRuQ,, there is no ferro-

magnetic order but it seems to be near ferromagnetic rder.  H=—t, >, (ci*cj +H.c)— 3> S-S+ Hsot Hepin,

From this observation, superconductivity of,BuQ, was (o J

proposed to be @-wave pairing state using the analogy to @)

3He systen?’ Moreover, increase of three dimensionality,

or the ferromagnetic correlation apparently destroys supet/nere

conductivity, because the=2 compound $Ru,0; does

not exhibit superconductivit§.It seems that the layered oy + [ Gt

structure is also essential for superconductivity ofRSIO, ci=(cy ¢) and ¢= ¢,

and superconductivity is based on a disordered spin back-

ground. denote a creation and an annihilation operator for the

Although there are many discrepancies between the Nighsongyction-electron field in a spinor representation. For the
T, cuprates and the §Ru0,,> above arguments suggest that first term, the summation is taken over the nearest-neighbor
the layered structure and the disordered spin background agges. The second term denotes Hund coupling between the
the key to understand superconductivity of these systems. . nquction electron spig = %cho-cj , and the core spils’.

The purpose of this Report is to propose a model of Ungq. ohin_orhit coupling, we assume the following form:
conventional superconductivity that is based on a purely
two-dimensional mechanism and a disordered spin back-
ground. We consider a two-dimensional double-exchange Ho=i chA@®. gc 2 +H.C 2
system with spin-orbit coupling and assume a ferromagnetic S0 2,: a:EX,y ) Irag, = T @
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whereA@=(\{* \{)) ande, is a unit vector along axis  definition of the lattice S(2)-gauge fieldA;; .*° Finally, we

anda is the lattice constafWe ‘consider the square lattice for perform the inverse transformation of £§). As a result, we

simplicity). Spin-orbit coupling given by Eq2) is based on obtain

a multiband modet}12In the presence of spin-orbit coupling .

Eqg. (2), there is generally a Dzyaloshinskii-Moriya type o > N .

interactiort® for the core spin system. However, such term hyj (N =~ Vt0+)‘a’70ifexf< - g)‘( ) o—iad;|c,

does not affect the following argument. We assume that the )

core spins are ferromagnetically coupled and described by o

the HamiltonianH = — I3 ;S-S . In order to describe  UP 10 O((A/1)7) in the exponent.
spin—_ {0

the core spins, we introduce the Schwinger bo§6n§° In order 10 focus on the long-time and long-wavelength
fluctuations, we take the continuum limit. In that approxima-

=32/ 07; with tion the action for the conduction electron is given by
=(zl, z/) and z= a1 3 -1
it 4l =z, ) Sczjd xp(x)G ™ ({k,— AL (%), (8)
Here zj, are boson fields and obey the constragitzj; ook — i,
+27] 7, =2S. a ®
We turn to the path-integral formulation to describe the G 1k, )= (Ko—tonk?) oo—g(K)- o 9
M 1

system. The action is given by
with
:f dt{; [?j(t)iatcj(t)+?j(t)iatzj(t)]—H]. ©) ]

g(k)= (277 E KA (277 D KA JZ (10)

In order to describe the fluctuation of the core spins, we oy

introduce a gauge field. The effect of the gauge field to theandA - —|U¢9 u=s A2, is the SU2)-gauge field
conduction electrons can be introduced by performing a seg,.+ describes the flugtu%){if)n ‘o the core Spins.

ries of SU2) transformations. Let us focus on & bond The derivation of the induced Chern-Simons term at the
along « axis wherei andj are nearest-neighbor sites. The 5ne 100p level by the derivative expansion is presented in
hopping term is given by Refs. 16, 17, and 18. The induced Chern-Simons term is
iven b
hy (M) = VBN Ze (), @ Y
. . 6
where y(A(®) = 1/\/t02+ )\za(—t00'0+l)\(“)-a'), with o the Scs= — _f dBXE“”)‘AZ&,,AZ , (11)
unit matrix in spin space andl,=|\(?)|. For the case of 4

N, #0, there is a twist in spin space. To begin with, we \yhere
perform a transformation to diagonalize the hopping term,

L1, 00Xk X 3 6]

Ci—>XT()\(a)/2)Ci , EHEXT(A(Q)/Z), (5 d2k
4 latk)®

(12

By this transformation, we obtain hj(A(%)=
~/t02+ )\20 iCi, up to O((\ J1)3). Second, we perform a Note that only the Abelian Chern-Simons term appears in

transformatlon which diagonalizes Hund coupling tern: ~ EQ. (11) because the S@)-gauge fieldA, is the pure gauge
~Ugc, cJ—>c U where field and it satisfies the curl-free cond|t|0_V}LA d,A,

—i[A,,A,]=0. The non-Abelian Chern-Simons term is re-

7. —7 e duced to the Abelian Chern-Simons term upon using the
=" _”) and U ( i li)_ curl-free condition'® Substituting Eq(10) into Eqg. (12), we
. Zj Zjt —Zj| Zjy obtain
By this transformation, S(2)-gauge fields that describe the 1
fluctuation of the core spins are introduced. We set 0= Esgr{JHA), (13

termined by the sign oA andJy . The value ofd=*1/2
o does not alter the statistics of particles. However, the gauge
=|U;Uj|exp(—iaAy). (6) field A% cannot be wiped out by an additional fermion to
_ fermion mapping by attaching an even number of fluxes to
Since the amplitude fluctuation of the core spifi$;U;|, is  the conduction electrorS.Because such transformation in-
relatively high-energy mode than the phase fluctuation ofroduces the fictitious “magnetic” field, which cannot com-
that, we take its mean valug=(|U;U;|). Equation(6) is the  pletely cancel ou{V X A% ). We can extend the above calcu-

Ju.— ( Zi1Zj1 1217 _ZiTZJDLZiLZH) where A =AY = AN . Note that the sign ob is de-
4nZj — 4y 74zt )
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lation to the finite temperaturé.In that case, the result is
modified asf= + 3 X tanh(8J,/8). However, if we concen-

trate on the regiokgT<<J,, we can neglect the finite tem-

perature correction. Since the spin-orbit coupling tein

involves a process of hopping between different orbitals at

the same site, the external gauge fiA@t does not couple to

it. Therefore, there is no Chern-Simons term Aﬁ“. C—

o
)

Now we discuss the effect of the Chern-Simons term. We )

©
take
S=S;+ Scs* S 14 /O/;[ @N ’/

for the effective action. The last term is the action for the
core-spin system and is given by

FIG. 1. Example of the system with #0. The filled circles
_ iy Lo representVl atoms and the open circles represdritoms. Arrows
SSP"‘_ j dtf dr[z(r,(io,—Apz(r,t) denote core spins. The symbéland — represent thall atoms are
] displaced above and below the plane, respectively.
+ISp[(—iV+.A%z(r,1)|?]. (15)

In the core-spin system, the spatial components of the gau
fields AZ are introduced by a Stratonovich-Hubbard trans-
formation and the time component of that is introduced as

Lagrange multiplier field, which enforces the constraint

z(r,t)z(r,t)=25/a2.? Since we assume the ferromagnetic

correlation between the core spins, we have not introduce omentum, the Lorentz force becomes attractive or repul-
i Xy i i i . ! K ..

the gauge fleld\_ﬂ éWhICh describes the phase fluctuation of ;6 and leads to the chiral pairing state. From Eg§) and

the staggered fielt:. (17), we obtain the interaction terft?2. From that we obtain

By integrating out thed {, we obtain the relation between he gap equation by taking the standard proceddfe:
the density of the conduction electr@i(r,t) with o=1,]

and the “magnetic” fieldB(r,t) = d,Ay(r,t) — dyAx(r,1):

herej ,(r,t) is the conduction electron current for spin.

ince Eq.(17) describes minimal coupling between the con-

uction current and the gauge field?, it gives rise to a
Lorentz force. Such Lorentz force is induced between each
conduction electron and other conduction electrons passing

y the former. Depending on the sign of the relative angular

k/
K 1 2mi Salso'z kxk’ Ao'lo'z
Mo "0 2 e g s U8
k'(#k) Mo [k—K'|? E

0
2 Sepo(r)=5-B(r.b), (16
7 where AX is the pairing matrix E, is the quasiparticle en-
wheres,=1 for c=1 ands,=—1 for c=|. Note that the ergy, andm,~1/(2t,) is the band mass of conduction elec-
Schwinger bosons do not appear in Et6) because of the tron. The gap equatiofil8) has a similar form as that dis-
constraint. From Eq(16), one can see that a conduction cussed in thev=1/2 quantum-Hall context?? The only
electron with1(|) spin induces gantiskyrmion excitation difference is that the pairing interaction depends on the spins
in the core spin system. The skyrmion and antiskyrmion exof conduction electrons. Following the analysis of Refs. 9
citations introduce disorder in the core-spin system. In theand 22, we can show that the ground state is gheave
small carrier concentration, we expect the Bose-Einstein corpairing state. The pairing matrix is given by
densation for the Schwinger bosons, which results in ferro- , i
magnetic long-range order in the core-spin sySfewhen pe'% qe™'%
we assume weak coupling between the layers. In the pres- ge % pe*ifk)’
ence of ferromagnetic long-range order, the Meissner effect
for the gauge field4? occurs. The low-energy physics is whereA only depends otk= k], g =tan *(k,/k), andp
governed by the Meissner phase and the Chern-Simons teréid g are constants. The chirality of the pairing stétiee
has rather unimportant effect. sign in the exponeitis determined by the sign of. The
Since there is the same number of skyrmions and antipairing state stabilized in the bulk is that wigh=0 andq
skyrmions as the number of conduction electrons, upon in=1, because in that case the spin of the Cooper pair lies in
creasing the carrier number, ferromagnetic long-range ordghe plane. In thed-vector description, this pairing state is
of core spins is destroyed. In this region, the Chern-Simonsiescribed byl, = (k,*ik,)z. Incidentally, this is the same as
term Eq.(11) has dominant role for the low-energy behavior that proposed in the pairing state for the®u0,.%’
and it leads to a pairing state between conduction electrons. Contrary to the usual spin-fluctuatiéhwhich may be
Coupling between the conduction-electron current and th@haracterized by the Maxwell tem“*—%(%AZf&yAi)zy
gauge fieldA7, is given by in the gauge-field description, our spin fluctuation is charac-
terized by the Chern-Simons term. Since there is an extra

S = E Jdt d2rs,j,(r,t)-A¥r,t), (17) derivativ_e fqr the formgr comparing with the latter, our

o=1,1 mechanism is more dominant in the long wavelength and the

Ak:Ak( (19)
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low-energy limit than the usual spin-fluctuation mechanismyventional superconductivity in a two-dimensional double-
Moreover, the Chern-Simons term only exists at 2 di- exchange system with spin-orbit coupling. We have shown
mension. Therefore, our spin fluctuation is unique to the 2in the presence of spin-orbit coupling the Chern-Simons term
+1 dimension. Meanwhile, the Maxwell term exists in any for the gauge field, which describes the phase fluctuation of
dimension. the core spins, is induced. This Chern-Simons term leads to
For our pairing mechanism the nonvanishing value\of the skyrmion and antiskyrmion excitations. After magnetic
is essential. There are several ways to realize it. An exampli@nd-range order is destroyed, it leads to fheave pairing
is shown in Fig. 1, wher& atoms andN atoms constitute €tween the conduction electrons.

the layer. TheM atoms consist of a core spin and a conduc- Ol.net(.)f thte ThOSt m;:ferestmg exttta_nsmns of our rlno:jheltls the
tion orbital. Orbitals of theN atoms constitute multibands aPP!ication to the antiterromagnetic coré spins. In that case

and theN atoms are displaced from the layer as shown inve need fo investigate the effect of teB-sublattice, or

Fig. 1. The calculation fos orbital for the conduction orbital 'Sl?g'l?clgtig?‘grees of freedom. It will be discussed in future

of M atoms and orbital for N atoms is given in Ref. 11. For P '

other possibilities ofA #0, multiband conduction electrons, The author would like to thank M. Sigrist, K. Ohgushi, J.

the next-nearest neighbor hopping term, optical phonorGoryo, A. Furusaki, and K. K. Ng for helpful discussions.

modes, etc. might have some role. This work was supported by a Grant-in-Aid from the Japa-
To summarize, we have proposed a mechanism of uncomese Ministry of Education, Science, Sports, and Culture.
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