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Spin Injection into a Luttinger Liquid
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We study the effect of spin injection into a Luttinger liquid. The spin-injection-detection setup of
Johnson and Silsbee is considered: spins injected into the Luttinger liquid induce, across an interface
with a ferromagnetic metal, either a spin-dependent cuightor a spin-dependent boundary voltage
(Vs). We find that the spin-charge separation nature of the Luttinger liquid affeetsd V, in a very
different fashion. In particular, in the Ohmic reginig, depends on the spin transport properties of the
Luttinger liquid in essentially the same way as it would in the case of a Fermi liquid. The implications
of our results for the spin-injection-detection experiments in the Migleuprates are discussed.
[S0031-9007(98)07319-0]

PACS numbers: 71.10.Hf, 71.10.Pm, 73.40.—c, 71.27.+a

Spin-charge separation has long been proposed to de-Figures 1(a) and 1(b) illustrate two specific geometries
scribe the normal state of the high- cuprate super- involving a single channel Luttinger liquid (LL). The Lut-
conductors [1]. Existing experimental results cited adinger liquid is in contact with two itinerant ferromagnets,
evidences for spin-charge separation are mostly on trang&M1 and FM2. The magnetization of FM1 is chosen as
port properties [2]. Since only charge transport propertieshe T direction. The magnetization of FM2 is either par-
have so far been measured, the inference about the coalel (¢ = 1) or antiparallel(c = |) to that of FM1. One
pling, or lack thereof, between the underlying spin andpasses an electrical currefid across the FM1-LL inter-
charge excitations is indirect. It would appear naturafface. This current serves to inject nonequilibrium mag-
that spin transport, when combined with charge transpornetization into the Luttinger liquid. For a givem, I,
should be useful in this context. Indeed, we have recentlyepresents the induced current across the LL-FM2 inter-
proposed to probe spin-charge separation using a compaface in a closed circuit an®f,, is the induced boundary
son between the temperature dependence of the yet-to-besltage(V,) in an open circuit. The spin-dependent cur-
measured spin resistivity and that of the known electricatent, I, is defined as the difference between the induced
resistivity [3]. Several factors point to the feasibility of current when the magnetizations of the two ferromagnets
experimentally measuring spin transport in the cuprateare in parallel and that when they are antiparallel. Like-
using the spin-injection-detection technique [4—6]. Firstwise, the spin-dependent voltagdg, is the difference be-
of all, progresses in the preparation of the manganitetween the induced boundary voltages in the corresponding
cuprate heterostructures appear to have led to the first
demonstration of spin injection into the cuprates (albeit )
in the superconducting state) [7,8]. Second, the spin- ~ I 6~ Vo
diffusion length in the cuprates has been estimated to fall
in the range required by this technique [3]. T

In light of the new experiments on the high-cuprates, LL
it is important to understand how spin injection into a EM1 EM2
non-Fermi liquid differs from spin injection into a Fermi
liquid. The effects of spins injected into a noninteracting a)
electron system has been studied in the past by Johnson
and Silsbee and others [4-6,9,10], following the initial ﬁpi
proposals for spin injection and detection [11,12]. !

Here we address the influence of spin-charge separa- T 0.
tion in the bulk metal on the boundary voltage/current LL | . |
measured in a spin-injection experiment. For definite- FM1 FM2
ness, the one-dimensional Luttinger liquid [13] is used b)
as a prototype for a spin-charge-separated metal. CrysG. 1. Two possible setups for spin-injection-detection ex-
cial for our analysis is the fact that the interface transporperiment on a one-channel Luttinger liquid (LL). The magneti-
involves the binding of spinons and holons which thenzation of the ferromagnetic metal FM2 is either paraltel= 1)
tunnel as a whole from the Luttinger liquid into the ferro- ©" antiparallel(o = |) to that of the ferromagnetic metal FM1.

. . . . [ is the injection current., (V,) is the current (boundary
magnetic metal. We find that the spin-charge-separatioyjtage) induced across the LL-FM2 interface when the circuit

nature of the Luttinger liquid affects the boundary voltageis closed (open). The two interfaces in (a) are separated by a
and boundary current in a very different fashion. distanced.

o
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two cases. The setups illustrated in Figs. 1(a) and 1(bfpllowing [15]:
differ in two regards. First of all, while the Luttinger lig- 9’m m(x)
uid is in point contacts with both of the ferromagnets in = ’ (4)

; - > ) *ox? T,
ggdééa;’ IgtiFa:Igr.el(ig)nlt 'Ssglcgﬂgtasamtehi?\éiz Oiﬁg)atnhixih_where T; is the longitudinal spin relaxation time. The
S P gion. o 9. boundary conditions will depend on the details of the
jection and detection loops in Fig. 1(b) are closed through

. interface. Leaving more general cases for elsewhere
gg?&;c(t; \Iévlgh f(lt‘))f?sr ?)\gm;g;r ::;?erlt\(ﬂ)lirﬁglirlr:\,(\eﬂr?t. elgsri[m]’ we assume that no spin-flip scattering exists at the
mentally. On the other hand, that of Fig. 1(a) is easier tdnterface. In this case, the spin curreijtis conserved

. . NG .—across the interface. Given thaf(x = 07) = upl/e,
analyze theo_retlcally. To |_Ilustrate the pasm principle, N here s is the Bohr magneton and is the electron
the rest of this paper we will focus on Fig. 1(a).

The Hamiltonian of the Luttinger liquid can be written pharge, the boundary condition at the FM1-LL interface

as is
Hue = H, + H, + H', —D;om/dx| =0 = upl/e. (5)

1 ) 1 ) Likewise, at the LL-FM2 interface,
Hp = gvp[dx[l(p(wﬂp) + K_p(ax¢p) :|, —Dsam/axlx:d _ ,U«Bla/e~ (6)

1 2 1 2 The induced currenf, depends on the drop of the

Hy = ﬁv“/dx[K‘(WH‘) + Z(a“{”) } @ nonequilibrium magnetization across the LL-FM2 inter-
whereH, and H, are, respectively, the Hamiltonians for face, which is equal tdm = m(d). We separately dis-
the charge(p) and spin(s) bosons,¢, and ¢,; 11, cuss the closed circuit and open circuit cases.
and II, are the corresponding conjugate momenta. The Consider, first, the case of a closed circuit. The drop of
charge and spin velocities,, andv,, and Luttinger liquid ~nonequilibrium magnetizationy, leads to a drop in the
parametersk, and K, are determined by the forward effective magnetic field,
scattering interactions. We consider the case when the AH = Am/y, 7)

spin-rotational invariance is preserved so tKat= 1.

We focus on the regime where spin transport inside?cross the LL-FM2 interface. Herg is the uniform
the Luttinger liquid is diffusive, with a spin-diffusion SPIN susceptibility of the Luttinger liquid.AH provides
constantD,. The diffusive transport is the result of the a driving force for spinons to move across the interface.
dissipative terms in the Hamiltoniadl’, which also lead S_|nce qnly electrons can tunnel across the _barrler, spinons
to a finite spin relaxation timef;. The precise form bind with holons and move across the interface as a

| _ form- s ) Tosed : .
of H' is, however, unimportant for our purpose in this whole. A finite electrical current;.**¢¢, is then induced

closed

paper and is left unspecified here. (It will, of course,PY AH. To calculate;**°, we follow the general
determine the specific temperature dependence®,of Procedure of Kane and Fisher [17] and integrate out all the
and 7,.) To simplify the discussion, we assume thatdegrees of freedom of the Luttinger liquid except at the
the FMs are half-metallic ferromagnets. We will also Sit€ Of contacty = 4. This leads to an effective action
neglect the electron interactions inside the ferromagnet@ntirely determined by the boson fieitl, = ¢,(d) and
[14]. The free electron Hamiltonians for FM1 and FM2 ¢s = ¢s(d):

are, respectively, 1 1
Ssite = Kp — Z lw,| |¢p(wn)|2 + E Z lw,| |¢s(wn)|2»

.}.
Hy = elcjien 2) @ @ (8)
k
and where B is the inverse of temperature and, is the
- bosonic Matsubara frequencies. In deriving this on-site
H, = Z € Ck,aCho > (3)  action, we have neglected the effect of the nonequilibrium
k

magnetizationz(x). This is appropriate for the Ohmic

wheree; ande; are the corresponding energy dispersionsregime kzT > ugm/x. We are now faced with a

Since we will consider only the cases when the magproblem of one [18] retarded impurity—whose dynamics
netizations of the two ferromagnets are either parallel ofs controlled by Eq. (8)—coupled to a three-dimensional
antiparallel with each other, we need only the kineticferromagnetic metal. This effective impurity problem is
equation for the longitudinal component of the magneti-llustrated in Fig. 2. The impurity problem can also be
zation. We introducen(x) to denote the deviation of the written in a Hamiltonian form, by introducing a fictitious
steady state magnetization density from the correspondsosonic bath.
ing equilibrium value. The FM1-LL and LL-FM2 inter- From the one-particle tunneling Hamiltonian, one can
faces are located at= 0 andx = d, respectively. The construct, respectively, the charge current operétand
nonequilibrium magnetization density(x) satisfies the spin current operatafy,. They are as follows:
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t

Je = v/ mp = [F;_e—i[(@+0,,)/\/§]—m[(¢3.+9l)/\/§] + FLe—i[(—¢p+0p)/\/§]—io[(—¢x+9s)/\/§]]co — H.c., (9)
V2mra

WhereFlt are the Klein operators for the left and rigl41t interface. The induced current in this case is

moving branches and is a lattice cutoff [13,19]. Here, —Imayy (@ + 0%

cs is the annihilation operator for the Wannier orbital 19" = (—AH) lim Y

of the conduction electrons at the contact, an the ®=0 w

tunneling matrix. That the interface charge and spin + V. lim —Im 7y (w +i0") (13)

ag »

current operators are simply related to each other [20] in 0—0 )

spite of the separated spin and charge excitations in thghich leads to

bulk Luttinger liquid reflects the simple physics that only

a bare electron tunnels across the interface. 1P = CkpT)/* ™ 2e(upAm/x + eVy). (14)
We can now calculat&!*ed in the Ohmic regime using

the Kubo formalism Setting 10" =0 in Egq. (13), and combining with

Egs. (4)—(6), we arrive at the following expression for
—Imay;, (0 + i0") as. (4)-(6) g exp

[eosed — (—AH) lim (10) the spin-dependent boundary voltaye,= V; — Vi:

7 w—0 w ’ 2
wheremy,,, is the charge current-spin current correlation v, /1 = EB # (15)
function. Similar to the Kane-Fisher problem, for repul- ‘ e?x &;sinhd/é;)

sive interactionsk, < 1, the tunneling term is an irrele- Equations (12) and (15) are the main results of this work.
vant coupling in the renormalization group sense. We cakeyeral comments are in order.

then calculater,y, perturbatively inr. The resultis as  First of all, it is instructive to see how our results reduce

follows: to those for free electrons [4-6,9,10] when electron
1994 = C(kpT)V/* =2 ugAm/y,  (11) interactions are reduced to zero. For noninteracting

where C = cNyp2/W'/2K:+1/2 Here Ny is the density electrons, spin diffusionD; is reduced to the usual

. . 2 .

of states of FM2 at the Fermi energ, is a typical bare €léctron diffusion constanD = vi7, where vy is the
energy scale associated with the electrons in the Luttingdre™ Velocity andr is the transport scattering time. In
liquid, and ¢ is a constant of order unity. The induced @ddition, x = N, whereN; is the density of states
spin-dependent current across the LL-FM2 interfdges at the Fermi ei)nergy. Stgalghtforward.manlpulatlon leads
pelosed - pelosed “ean now be determined from Egs. (4)_to Vi/I = pé8)/sinhd/8/), where p is the electrical

(6) and (11). The result is as follows: resistivity of the bulk metal andgJ = /DT;. In addition,
' i for noninteracting electronsk, = 1, and our expression

2
1,1 = C(kgT)"/*k1/2 KB # (12) for I is reduced td,/I = (2NpNE)p 8, /sinhd/8y).
X 9,sinh(d/é;) Second, we note that for the Luttinger liquid, the
where §; = /D,T; is the spin-diffusion length of the temperature dependence gfis not solely determined by
Luttinger liquid. that of the bulk spin diffusion and relaxation properties of

We now turn to the open circuit case. Here, in order tathe Luttinger liquid. There is an additional temperature-
balance the current induced by the magnetization dropjependent factor, with a power which explicitly depends
a boundary voltagey,,, develops across the LL-FM2 on the Luttinger liquid parametek,. This additional
temperature-dependent factor, however, cancels out.in
This last result can ultimately be traced to the fact that

the interface charge current and spin current are directly
LL . . . .
related to each other, in spite of the spin-charge separation
FM2 nature of the bulk Luttinger liquid. On this ground, we
\U/ expect the expression fdf; to be valid very generally,

so long as one-particle processes dominate the interface

transport and no strong-coupling (i) phenomena [21]

take place. The boundary volta§fg is hence more useful

than I, for the purpose of extracting bulk spin-transport

‘_,F ______ properties of strongly correlated metals, including the
high-T. cuprates.

The general expression for the spin-dependent bound-
FIG. 2. Reduction of the coupled LL-FM2 problem to a ary voltage suggests the following progedure to measure
retarded impurity, described by the action given in Eq. (8),f[he temperature dependence of the spin-transport scatter-
coupled to a three-dimensional ferromagnetic metal. Thdng rate,1/7.spin, Of correlated metals. The latter is the
coupling is through the tunneling matrix quantity of interest in probing spin-charge separation [3].
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