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Spin current in the Kondo lattice model
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By using the projection operator technique it is observed that the strong Hund’s rule couplirsgdand
interaction in transition metal elements may lead to an effective coupling between the spin current and spin
chirality. As a result, the spin chirality can be regarded as a driving force to produce a spin current. The spin
current may give rise to a novel type of field acting on the spins. A spin battery is designed based on the
interactions between the spin current and spin chirality.
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Spin-dependent effects, such as giant or colossal magn&or the Hund’'s rule coupling] is always positive. The
toresistance and magnetization switching, arise from the inmodel has been studied extensivEiyThe spin current op-
teraction between the spin of the charge carrier and an agrator along ther axis in the tight binding approximation is
plied external magnetic field. In spintronics, instead ofdefined ag#l;,, ,, and
charge, electron spin carries information and it is possible
that capability and performance can be enhanced in spintron- i + +
ics deviced:® Possible applications and the fundamental sci- !nn+a™ =35 E, (CnoToo'Cn+a,o’ ~CntaoToo Cnior)s
ence involved make the study of spin-dependent transport an i @)
intensive field in condensed matter physics. Recently, several
ways to produce a pure spin current were proposed, such agherea(=x,y,z) are vectors pointing to the nearest neigh-
the anomalous Hall effect in ferromagnetic mefaiderro-  bor sites, which have one longitudinal component and two
magnetic resonané, and the spin current in a spin spiral transverse components. The spin polarized currents and elec-
state®? In this paper, we study spin current in the Kondo tric current become equal in a fully polarized ferromagnetic
lattice model, a simplified model containing essential physicsystem.
for many ferromagnetic metals or semiconductors. We find a Before we discuss the spin transport of Et). in an ar-
type of interaction between the spin current and spin chiralitybitrary dimension, let us first illustrate the physics by con-
(defined later in the strong Hund coupling limit. This indi- sidering the well known spin spiral state in a one-
cates that the spin chirality can be regarded as a driving forcdimensional system. In general, the spin spiral state may not
to produce spin current, similar to what an electric field doese the ground state of E{l); however, it can be stabilized
to the electric current. Furthermore, the spin current induceby external environments, such as by applying external
a type of effective magnetic field. Based on the interactiorfields along different directions at the ends of the systém.
between spin current and spin chirality, we propose a schem®ur purpose here is to demonstrate the consequence of
to design a spin battery. As a demonstration, we study théhe spin spiral state. We parametri@e by the polar angles
spin transport in the well known spiral state to bring out theg, and ¢,, i.e., making the classical spin approxima-
above mentioned spin-current effects. tion. The spin spiral state is defined by,/S

The Hund’s rule coupling and-d exchange interaction =(sin#cosne, sing@sinne, cosé). The spin chirality defined
are crucial in transition metal elements. They play a key roleas the cross times between the two neighboring sgigs:
in the formation of metallic ferromagnetism in colossal mag-x S, , ;),=S?sir?dsine. In the k space, we introduce a
netoresistance materids'? and diluted magnetic semi- spinor operatorCDT(k):(cE o2 -CE _.21). The mean
conductors®** In this paper we focus on doped transition field Hamiltonian is written as. rkarelnd
metal oxides and/or ferromagnetic semiconductors. The

minimal model for these materials is the Kondo lattice :
model, H=§ DT(KH(K) D (K), &)

J - ; -
H=—t T - — . of b, (1 where H(k) = _gOTO_ngx_. 9:77 with Jo=m
(n%,a Cn.oCmo™ 3 n%, Sh oo CnoCnors (D + 2t cos(p/2)coska, g,=(J/2)sing, and g,=(J/2)cosé
—2tsin(e/2)sinka. u is the chemical potential. The single

wherec] , andc, , are the creation and annihilation opera- particle Green function in a:22 matrix form is given by
tor for conduction electrons, is the spin operators for the

localized spin,7 is the Pauli matrix, andry is the 2x2 G(k,iwp) =[iw,ro—H(k)] !

identity matrix. The summation oven,m) runs for the _

nearest neighbor pairs of lattice sites. In this paper we will _ [(ion+9o) 70— GxTx— 927l @
seti=c=1, and the lattice space &and is set to unit® (iog—w,+p)(ioy—w_+up)’
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FIG. 1. Spin current via the density of the conduction electron in

the spin spiral state of= /2 and¢o=0.27. SPIN TORQUE (S n X Sm)/SZ
wherew,=(2n+ 1)7kT with an integem andT is the tem- FIG. 2. _Spin current via spin spirality dt= 1.0 with the density
perature. The two branches of spectra are of conduction electron 0.20.

2 with

) 6— 2t sin% sink
5 COS sin sinka

w.(K)=—-2t cosg coskax

J? ,
+ —sir?
4SI 0

12 tym=t cosﬁcosﬁ+sin—nsin%e‘i(“’n‘¢m)
5 2 2 2 2
and an=C08@/2)(1—ny, )Cn; +exdie,Isin(6y/2) (1
In the k space, the expectation value of the longitudinal spin—Nn)Cny and satisfies the anticommutation relation,
current operator is written in terms of the Green’s function,[ak,al,]= Sk - The energy excitations and their eigen-
states can be obtained from the diagonalized Hamiltonian

1
(19=5 2 [Ang(o, —w)—Ang(o_—u)], (6)
N & " ] Hge= — 2t cos’-gcoskaJrsinzgcos(kaJrgo) alay,
where ®)

@ where «, is the Fourier transform of,,. In the case when
Ax(k)= sinz coska the spins of conduction electrons are frozen by the localized
spins, and the quasiparticles become spinless fermions. The

J @ two Fermi momenta arekia=—ky,*pm where k,
t sin sir’ka— 50030 cos> sinka =arctafisir’dsin ¢/(cog6+sirfdcose)], and p is the ratio
+ _ of the number of conduction electrons to the number of total
J ® 2 72 lattice sites ang/a is the density of conduction electrorkg,.
\/(Ecose— 2t sinEsinka + Zsinza is nonzero when the order parameter for the spin spiralling is

nonzero. Its lowest energy state|@$=Hk;§kgk;al|0>.

We also calculated the electric currdijtand found that§ The spin current in the state can be calculated frgm

=0. Thus in the spiral state there exists a spin current WithtEn(GSI§n+l|GS>/N. We have an analytical expression

out a charge current. In Fig. 1 we plot the spin current as or the spin current;

function of the electron density in the state withha /2,

and ¢ = 0.27 for differentJ. We see that a largerproduces sinpr sirfésing

a higher spin current. For a finitethe current may change 13=t e - 9

direction with change of density. In Fig. 2 we plot the rela- T 1-sirosin’(l2)

tion between the spin current and spin chirality at the densityrhe result is equal to what we obtain by taking the large limit

of 0.2. The spin current increases with the spin chirality.  in Eq. (6). In the point of view of the Berry phase the spin
In the largeJ limit, the problem can be simplified. An spiral state acquires a constant Berry phase in the spin-

equivalent Hamiltonian of Eq(1) or so-called double ex- dependent renormalized factor in the Hamiltonj&m. (7)],

change model in the largklimit is given by'® i.e., thns1=|thns1l€ '%¢. The nonzero phasée drives a
spin current.
Hge= — E tnma:am’ ) By analogy with e_Iectric field a_nd resis;ance,_we intro-
(nm) duce the concept dfpin current resistancer its reciprocal,
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spin conductanceThe role ofS, X Sy, here is analogous to double occupancy isP=I1,(P¢+P,). Therefore the
the |Oca| e|eCtrIC f|e|d. In the Spln Spll’al state the Spln Ch|ra|-equiva|entHami|t0nian in the Strong Hund’s ru|e Coup”ng
ity is nonzero,(S$,x S, 1),=S"sifdsine. In Eq. (9) the  |imit is expressed d&%°

current is proportional to the spin chirali¢$, X S, 1),, and
can be written in a compact forhj=c-(S,x S, 1),/S* by _ _ R
introducing a spin conductance Herr=PHP= _t% [ én P Pném+H.c, (12)
where a constant is omitted in the last step. In the I&8ge
approximation the Hamiltonian dfEq. (12)] becomes the

double exchange model in E¢7). Using a mathematical
in a larged limit. The spin conductance is determined by thejdentity

filling of electrons and the magnetic structure. Just like elec-
tric conductance, the spin conductance reflects intrinsic prop- (Sh: ) (S 7) =S, ST 1(SHXSy) - 7, (13
erties of spin transport in materials. It depends on the spin- N .
dependent scattering mechanism of electrons. Iy, for e Hamiltonian can be rewritten s
the case op—0 or —1, cis proportional to the density of

c=sinpm/[mJ1—sirtosirt(¢/2)] (10)

electronsp or the density of holes +p. For a small spin H=— (S+1)* 2 K — 2 KnnSy- S
chirality sirfdsir’(¢/2)—0, the spin conductance ap- (2S+1)2m " (2S+1)2Am
proacheq sinp]/7r, which is proportional to the averaging

kinetical energy of the charge carriers in this tight binding (S+1)t

theory. From the numerical results in Figs. 1 and 2, we de- n m ;n (ShtSn)-Mam

duce that the spin conductance also depends trbecomes

more complicated for the finitd cases. Similarly, we can t

also introduce a spin voltage, which is also proportional to +———— > ($XSp) 15, (14)

the length along the spin spiraling patVsyin= /(S (25+1) om

X S,41)-dl/S? wheredl=r,,,—r, is the difference of two where  kyn= & Todmt b oy and  Mym=d; T

position vectors of neighboring spirlés,n is an important +¢,T,T¢n. The first term is the kinetic part for conduction

ESI?emn?ter characterizing the ability to produce a SPMelectrons excluding double occupancy, like therm in the

t-J model. The second term contains an effective

Thus far we have introduced several important ConceptSHeisenberg-type spin-spin exchange interaction. Approxi-

such as spin chlrahty or spin current resistance, through th?nately, the effective coupling iS)rerro= — t(Kyn)/(2S
example of the classical spiral state. To determine the micro-_ 1)2, proportional to the Kinetic energy in the sense of the
scopic mechanism to produce a spin current, we go back tg "/’ prop gy

the Kondo lattice modeEq. (1)] in the large Hund's rule mean field approximation. The kinetic energy(k,,,,) in the

coupling limit, and address the quantum spin case. The foI%'r%?]t ftijl:ir:]dmgjf p?jgﬁ?ﬁg{] tfeaév%'gzzvgegggvﬁn'f tigefee;lri?_
lowing discussions are not limited to one-dimensional sys- 9p== ping

tems and the conclusion is independent of the dimensionamagneyzcég, This IS con5|st_ent W.'th the_ double exchange
ity. According to the Hund's rule coupling, the energy of pictures==> The third term is the interaction between local

empty or double occupancy of conduction electrons is zercfpms‘n and the VeCtOM.“m' Fora paramagnetic S'[.3¢M“m> .
equal to zero, but in a fully polarized state its value is

For a single occupancy the conduction electron and localizelf

spin can form a spirs+ 1/2 state with—JS2 and a spirS equal to (ky, i.e., proportional _to the kinetic energy.
~1/2 state with+J(S+1)/2. In the large] limit the spin Among the four terms the most important observation is

S—1/2 state and double occupancy should be excluded afgom the last term:it contains an interaction between the

they have much higher energy than the sfin1/2 state. Spin currer)t operatolﬁm and the spin ch|raI|t)8,?><Sm. By
This process can be realized with the help of the projectioﬁf’malo_gy .W'th.the cou_pllng between the electric current and
technique®® For that, we introduce the spinog’ =[(1 electric _fleld_lt is s_tra|ghtforward to u_nderstand why a non-
n )cT (1-n )cT 1. The dressed operators (1 Zero spin c_h|raI|ty mducc_es a pure spin current. Although we
i Sl 'E*T et 4 h Ft) 1 the Cannot derive an analytic expression for a finltet is ex-
doanb[e”)c)(:c%Gbalgzyegueotc?%ré satl:gngsfoupl?r:g ?hzvggrlojec':iao ected that the mechanism to produce a spin current remains
_ : . : e samé.
operator for the spirs+1/2 state is defined as An effective field and spin batterjo clarify the physical
meaning of the last term, we come to calculate the rate of
Plr=¢; P!y, (11)  change of a local spin. From classical mechanics or from the
Heisenberg equation of motion the rate of change of angular
momentums, is equal to the torqug, X hg¢; which acts on

+ _ . +
where P, =[S, 7+ (S+1)7,]/(25+1). The operatorP,, the spin,

forces the electron spin at sitdo be fully polarized with the
localized spin at the same site. The projection operator for ds. /di= — K 15
nonoccupancy i9¢=(1-n, )(1—n, ). The total projec- S 9reSh*Pers 9
tion operator to exclude the spin S-1/2 single occupancy andhere the effective field experienced by the spin is
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m 25: [Knnt 6Sh+ 6T (STDMpny s
B

+Iﬁn+5xsn+§]-

n _
heff_

The first two terms, again, are related to the particle’s orbital
motions. The third term is the torque between the spin cur-
rent and the local spinA type of force or effective field is

caused due to the interaction between the spin current and
local spin or local magnetizatiomhe force may be respon-
sible for magnetization precession by the spin injection into
magnetic conductdt and the anomalous Hall effect in fer-
romagnetic materiat$?® Further discussion along this line
will be published elsewhere. Our observation will lead to
potential applications. For example, by means of the spi

pure spin current. The battery contains two parts as shown i
Fig. 3. The main part is a spin spiraling material. The spin
spiral about the axis which is perpendicular to the interface
with a ferromagnetic metal film, such that the spin voltage
along the axis is nonzero. The spin chirality in the materia
will produce the spin accumulation at two terminals. The
magnetization of the film is also perpendicular to the inter-
face. The film is a source of spins which will flow out of the
battery driven by the spin chirality. The key element in this

battery is the spin spiraling materials. Possible realizations osrants Council
HKU7088/01P and the U.S. DOE.

spiral states have been discussed by several authdPgnd
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FIG. 3. Schematic view of dc spin battery. Arrows in the ferro-

4nagnetic metal as a spin source indicate the magnetization is per-
perdicular to the interface. The spin spiraling material provides a
nonzero spin spirality to drive the spin current along the axis.

rghe state may also be stabilized with the help of the external
- . . ; magnetic field and exchange coupling between localized
spiraling properties we can design a spin battery to produce'é':lpins. In conclusion, we have shown that the strong coupling
Petween the spins of charge carriers and local spins leads
S0 an effective interaction between spin current and spin
chirality in the system. A nonzero spin chirality may give rise
Ito a pure spin current, and in return a spin current can cause
an interesting type of force on the spins. We confirm these
findings by studying in detail the spin transport in the spin
spiral state.
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