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Spin current carried by magnons
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A spin current is usually carried by electrons and generated due to the imbalance of up-spin and down-spin.
Here we investigate another type of spin current, which is carried by magnons. Using nonequilibrium Green’s-
function technique, we have derived a LandauéttiBer-type formula for spin current transport. The spin
current satisfies conservation condition and can be expressed in terms of the magnon Green'’s functions of the
mesoscopic ferromagnetic isolating system. As an application of this theory, we study the magnon transport
properties of a two-level magnon quantum dot in the presence of the magnon-magnon scattering. By solving
the self-consistent equations, we obtain the nonlinear spin current as a function of the magnetochemical
potential. The spin current generated by using a parametric quantum pumping mechanism is also discussed.
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Mesoscopic electronic transport has been widely stddiedand generates the spin current carried by the magnon, while
for the last two decades. Many novel features including théhe electronic degree of freedom is totally frozen. We have
quantized conductance through a ballistic point contact disderived a Landauer-Btiker-type formula for spin current
covered by van Weest al? and Wharamet al® are due to  driven by the magnetochemical potential. The formula goes
the following two reasons. First, the length of the meso-Peyond the linear-response limit and is also valid in the pres-
scopic system is smaller than that of electronic phase brealence of the interaction between magnons. We have also con-
ing so that electrons can keep their phase memory and elegidered the spin current generated by quantum pumping
tron wave coherence can play an important role. SecondﬁEChanism. Numerical calculations show that the pumped
electrons are confined in certain dimensions, which gives th&pin current increases with increasing of the temperature.
quantized electronic energy level. It is natural to look for the ~Let us begin with the following model Hamiltonian:
bosonic analogies of various mesoscopic electronic phenom-
ena. Indeed, many efforts have been predicted in this regard, 0 " +
for example, Rego and Kirczendwheoretically predicted H=, :EL . [ex+9mBalagake Heenldn dn}
guantized thermal conductance of dielectric quantum wires.

Schwabet al® found that the thermal conductance of the
nanobridge had an upper limit, set by the laws of quantum + > [Treak,dntc.cl, ey
! kLn
mechanics. Suat al® studied the four-terminal thermal con-
e it o heh e o, glnereal and o are th creaton opeators for tne i
gree of freedom in mesoscopic structures is nonclassical ﬁvave excitation magnon in thg leadand the central quan-
Mim scattering region, respectively. They are bosonic opera-

this paper, we investigate another type of wave, the SPors and obey the commutation relations. The first term is the

wave, which can propagate coherently through a nanostrug-_~ = " . . . 0_ .
ture. The relevant problem is the magnetization transport i ar_mltpnlan for Ieatga, n which e, = |J|SI?2 IS the magnon
all kinds of magnetic systenis2° which attract wide inter- SXcitation spectrum, gis the gyromagnetic ratio, ands is

i the Bohr magnetorB,, is the constant magnetic field in the

ests both theoretically and experimentally. In particular, . .

Meier and Los¥ investigated the magnon transport in both 'ea?d“ an(_:i can be turned conveniently from the experimental

ferromagnetic and antiferromagnetic materials. They found©!Nt _Of VIEW. the Fhag'“BB“ plays the role of the electro-
&hemical potential in the charge transport, and naturally we

that the spin conductance was quantized in the units of ord call it magnetochemical potential. Similar to Ref. 11, we use
2/h in the antiferromagnetic isotropic spin-1/2 chains. : C
(9e) g PIC SP the notatiorB,=By+ AB, with Bo>AB,. We do not write

Schiiz et al!? studied the persistent spin current in meso- -~ P
scopic Heisenberg rings. Although the spin current is widelydoWn the explicit Hamiltonian forri .., for the central scat-
studied by many authof$,it is mostly limited to the meso- tering region because our de_nvanon in the foIIowmg' can
scopic electronic systems by making use of the imbalance dfi¢lude the magnon-magnon interaction and has nothing to
spin-up and spin-down electrons. Here we will focus on th o with the detailed |nt-eract|on form. The third term stands
magnon transport under the nonequilibrium condition. The©F the magnon tunneling part between the leadnd the
flow of magnons gives rise to the spin current. Suppose g€ntral region with the matrix elementy,. By using
mesoscopic ferromagnetic system connected to two ferrd-0IStein-Primakoff transformation,

magnetic leads, which can be described by a spin ferromag-

netic Heisenberg model. The difference in magnetic field be- S,=S— aiTai , (2
tween two ferromagnetic leads plays the role of the electric

chemical potential difference in the electric charge transporthe spin current can be calculated from the left ldae1,*®
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o [9Sa) dN, . a1 =~ (@) ,(0) Ay, (1)) = — i exp( —i 1)
sto\ dt [ dt [’ A straight calculation gives the lesser self-eneRjy(E) =
-z, I' (E-gugAB,) f,(E). We must point out that the

oy _ . . : _ ;
whereN, = 2, a,_. From Heisenberg equation of motion, |esser self-energy sign for magnons is very different from

the spin current can be rewritten as that of electrons. This reflects the fact that magnon is boson,
while electron is fermion. They satisfy the different commu-
lo (D) =i [Tan(al (t)yda(t))—c.cl. (4)  tation relations. With this lesser self-energy, we have
kn
= dE
Define the following lesser Green’s function: lsL= fB ZTr{FL(E_g/LLBABL)GR(E)
< N T ’
Griu(t,t)=—i(a (t")da(1)), XTr(E—gugABR)GAE)} L (E)—fr(E)]
we can express the spin current as = dE
Ef > TE)FLE) =~ fR(E)], ()
< Bm< ™
Lo ==2 [TienGria(t) +c.cl. .
kn with

Just like the derivation in Ref. 16, we can obtain T(E)=Tr{T' (E—gugAB,)GR(E)

XTr(E—gugABg)GA(E)}

being the transmission coefficient of the magnon. Obviously,

R A _ the spin current satisfies the conservation condition:
X[(G(E)~GHENfL(E) -G (E)]}, ) 2 4-LRrls«=0, this is because we do not consider the spin

whereB,,= maxXgus(By+AB,),.gua(By+ABg)} andl' (E) is ~ relaxation in our model calculation. _

the linewidth function, which is defined agl',(E)]mn Magnetospin currents the application of this theory, we

=205, TF Teand(E— €xa). GRA<(E) are the Fourier first consider the linear-response limit, which means that the

am a al* . . _ .

transformations of the retarded, advanced, and lesser Gree/@gnetochemical differendg —Bg=AB—0. In this case,

functions for the quantum scattering regime, respectively: =d- (6) may be rewritten as

= dE Jf(E)

GRAM)=Fio(+tFt ) ([dy(t),dl(t")]), lo=—gugAB BmET(E)(g—E, 7)

(= dE
IstlmeETr{rL(E_glLBABL)

Gn(Lt)=—i(d}(t")dp(1)), which demonstrates that the magnetospin current is propor-
f(E)=1/ex(E—gusAB,)/ksT]-1) is the Bose-Einstein tional to the_linear term of the extemallmagn.et_ochen_wical bias
distribution function of the lead. Equation(4) is one of the AB. Es_,pe_mally, whgn the s_y;tem is in ballistic regime, the
main results in this paper. First, this formulation goes beyonaransmlssmn coefficient _Sat'Sf'é-i{E)El' and the spin cur-
the linear-response linft and expresses the spin current in €Nt reduces to a very simple form
terms of the local magnon Green’'s functions of quantum ls.=gusf(By)AB/2. (8)
scattering region. Second, this formulation is also valid in the ) o
presence of the magnon-magnon interaction. Although thi§€nce the spin conductan@=gugf(Bo)/27, which is ex-
formula looks similar to that of the charge transport, we mus@Ctly same as a result in Ref. f1Next, we consider a
note that the distribution function obeys Bose-Einstein statisSinglé-magnon quantum ddtwith two energy levels and
tics. In addition, since the number of magnons is not concalculate the spin current using H). Suppose there is the
served, there is a lower limit in the energy integral. In theMagnon-magnon interaction d‘ée to the nonlinear effect, we
mean-field approximation, we can further write the spin cur-have the following Hamiltonian
rent as follows by using the Keldysh equatioB* 4t t totq2. . qtqtq2
=GRS <GA. The self-energys"2 =< are related to the free- Hoen=e1didi  €dz0,+7(d1dydz + dzdidi+c.c),

magnon Green'’s functiorgl, >~ in lead a by the following ~ Where €;, are the magnon energy levels, which can be
relation: turned by an external magnetic field. The last term stands for

the magnon-magnon scattering with strengthlo calculate

the retarded Green'’s function for the quantum scattering re-

[Er'a’<(E)]mn=kE TeamTkanGke’ ~(E) gion, we treat the magnon-magnon interaction using the
: mean-field procedure, i.e., y(d]did3+d}d]d?+c.c.)

in which gi>~(E) are the Fourier transformation of ~2y((n;)+(n,))(did,+c.c.), where(n,,) are the mean
g2~ (1), occupation numbers in the two discrete levels, which can be
calculated self-consistently. By introducing th&2 matrix
g2 (1) = Fi 0(=t){[ay,(t),ak,(0)]) retarded Green’s function
=Fi6(Et)exp(—ie,t), G'()=—i0(t)([¥(1), ¥ (0)]),
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FIG. 1. The DOS dependence of the energy for the different AB
temperaturesB=1 (solid line), B=2 (dashed ling and 4 (dotted

FIG. 2. The nonlinear spin currehf vs the magnetochemical
biasAB. Inset: the self-consistently calculated occupation numbers
(ny) (solid line) and({n,) (dashed lingvs the temperaturg.

line).

with \Ifz(gi), wT=(d],d}), one can easily obtain the re-
tarded Green’s function in Fourier space with the wideband Pumped spin current-inally, we will discuss the quan-
limit: 16 tum pumping mechanisth to generate the spin current by
setting B, =Br=B,. Similar to the charge quantum

1 pumping?! although there are no magnetochemical potential

Gr(E):( E—e+il12  —2y((n)+{(n))\" and temperature differences between two leads, a dc spin

current through a mesoscopic ferromagnetic scattering

—2y((ny) +(ny)) E-ex+il'/2 region can be pumped out by periodically varying two
independent system paramet&rsandX,. For instance, we
can use the magnetic field as parameters, which can be
realized and readily controlled experimentally. In the slow
dE harmonic variation of parametric magnetic fieldg/(t)
(n<)=if—G§(E). =gugBpr~coset and X,(t)=gugBp,cost+®d), the

' 27 " adig;\batic pumped spin current in a perieccan be written

As for (n;), with i=1,2, we have the following self-
consistent equation:

The above two equations and the expression of the Spiﬁ
current form a closed solution to the magnon transport —i( dE
problem. To get more physical insight, we now perform Ia:TJ dtJﬁE [9:Sap(E.1)S]5(E,1)]def(E),
some numerical calculations. We set two discrete energy 0 P 9)
levels €,=0.6, €,=0.65, the linewidth functions aré’|
=T'3=0.01 and the scattering strength of the magnonwhereS,;(E,t) is the instantaneous magnon scattering ma-
magnon isy=0.02. In Fig. 1 we plot the density of state trix element,r=27/w, andf(E) is the Bose-Einstein distri-
(DOS)=— (1/m)Tr{lIm G'(E)} versus the energy at different bution. In particular, when the pumping amplitude is small,
temperatureg=1 (solid line), 2 (dashed ling and 4(dotted ~ we have
line). The parameters of the lower limit in the integral are set
By=0.2, AB =0.02, andABr=0. We find two resonant
peaks atE=0.6 and 0.65, which correspond to the original
two bare levelse; and e,, respectively. In addition, the . .
width and height of the peaks are not sensitive to the m dS14(E) (7511(E)Jr IS|AE) 9S;AE)
temperaturé? In the inset of Fig. 2 we depict the self- Xy X, Xy Xy ]
consistently calculated occupation numbers of the discrete (10)
energy levels as the function of the temperat8rébigger 8
corresponds to smaller temperatuié/hen the temperature whereS,; are the magnon scattering matrix elements. In the
decreases, the occupation number decays rapidly. In Fig. #llowing, we will consider a spin current parametric quan-
we plot the spin current as the function of the bhieB for the  tum pump which consists of a double barrier structure and
different temperature8=1 (solid line), 2 (dashed ling and  the units are fixed by settingug=(|J|S) ~*=kg=1.22 This
4 (dotted ling. Other parameters are chosen the same adouble barrier structure is modeled by the potentigk)
those in Fig. 1. The spin current increases with the bias mo=V;§(x+a)+V,8(x—a) with V;=B;+Bycoswt, andV,
notonously and exhibits the typical nonlinear feature. In ad=B,+B,cost+®). Because the motion of spin wave
dition, we can get the larger spin current for the higher tem-obeys the Schidinger equation, the advantage of this model
perature because the more magnons participate in this that the retarded Green’s functi@' (x,x’) can be ob-
transport. tained exactly from the electron point of viéwand there-

) =dE
| ps= 0gupBpiBposin® JBOE[ —def(E)]
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fore the scattering matrix can be calculated from the Fisher- (10
Lee relation?* S,,=— 8,5 +ivG, ;5 with v=2k=2E the T T

. K 5- (10% A
magnon velocity: I |
1-ry)[1-r.expdika) 4r 1
511(E):_1+( T [i ], i
1—rqroexpdika) 3l J
(1—ry)(1—rp)exp2ika) = Ll ]
SiAE)= — - , I
1-rqroexpdika)
1L _
wherer;=iB;/(2k+iB;) with j=1,2. Having these scatter- I
ing matrix elements, we can get the pumped spin current for 0 s . . . .
the symmetry barriersR; =B,=B) after a little algebra: 1 2 3 4 5
p
| a2sing | o= | - 1E) Lk FIG. 3. Th d spi his vs the t tur@ f
ps= wB;sin —| = - . 3. The pumped spin curreht vs the temperatur@ for
P Bo2 7 JE J|1-r?exp(4ika)|* the different integral limitsBy=0.1 andB,=0.5.

_r\2 H T YT 2
XIm{(1=r)"expika)[1—r*exp —4ika)]T, tude case, we can use the real-space Green's-function ap-
(11 proach in Ref. 25. This is beyond the scope of this work.

wherer =iB/(2k+iB) andt=2ik/(2k+iB)2. In Fig. 3, we In summary, we have given a quantum transport theory of

plot the pumped spin current as a function of the temperaturép!n current _for thg mesoscopic ferromagnetic system. The
B at the different lower limit in the integraB,=0.1 and spin current is carried by the magnon and can be expressed

B,=0.5. Here we have set the strength of the double barriepy (€ local magnon Green's functions of the mesoscopic
B=20B,, the width of the double barriers=200, and the erromagnetic system. The formula is also valid in the pres-

amplitude of the pumpin@,=0.1. The pumping frequency ence of the interaction between magnons in the quantum

is setw=0.01 and the difference of the phase is chosen to bgcattering region. Th(.:‘ magnetoc_hemical potential difference
: and a quantum pumping mechanism are proposed to generate

/2. We find that the spin current decreases very quickly ; .
- . o .. ’the spin current. Because the spin current can be detected by
when B is increased. Physically, this is because the excited . 1106 )

. its induced electric fiefd?® or by spin quantum Hall effect
magnon numbers decay exponentially as the temperature deF0 osed by Hirsch’ we believe the study of the maanon
creases. Especially, when the temperature tends to zero, theﬁe P Y ' o y . 9
. e . ransport will open a new subfield in mesoscopic systems.
iS Nno magnon excitation, and therefore the pumped spin cur-
rent becomes zero. In addition, we find that only the lower-
energy magnons contribute to the pumped current due to the This work was supported by the State Key Program for
presence of the factai:f(E). Therefore, when we change Basic Research of China under Grant No. G19980614. J.W.
the lower limit in the integral fronBy=0.1 toBy=0.5, the  acknowledges a RGC grant from the SAR Government of
pumped spin current becomes much smaller. Beyond thelong Kong under Grant No. HKU 7113/02P and a CRCG

adiabatic approximation and for the finite parametric ampli-grant from the University of Hong Kong.
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