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Persistent spin currents in helimagnets
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We demonstrate that weak external magnetic fields generate dissipationless spin currents in the ground state
of systems with spiral magnetic order. Our conclusions are based on phenomenological considerations and on
microscopic mean-field theory calculations for an illustrative toy model. We speculate on possible applications
of this effect in spintronic devices.
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I. INTRODUCTION

Collective transport effects in ordered many-fermion a
many-boson systems include some of the most dramatic
profound phenomena that occur in condensed matter phy
For example, the~practically! dissipationless transport o
electrical charge by Cooper pairs1 in superconductors an
superfluidity in 4He and 3He have been important topic
through most of the field’s history. New instances of th
general class of phenomenon continue to arise and cr
interest. One recent case is collective charge transpor
double-layer quantum Hall systems, in which spontane
interlayer phase coherence leads to a strongly enhanced
bias tunnel current from one layer to the other.2–5 Closely
related issues connected with the possibility of superfluid
due to excitonic Bose condensation in electron-hole dou
layer systems6,7 also continue to attract attention8 and inspire
experimental activity.

Two of us9 have recently proposed the possibility of rea
izing nearly dissipationless collective spin currents in ea
plane thin-film ferromagnets. Although the proposed p
nomenon has some formal relationship to superconducti
and superfluidity, it depends in part on a symmetry~magne-
tization orientation invariance within an easy plane! that can
only be realized approximately. More importantly, unlike t
case of superconductors which can easily be biased b
current source, strategies for driving a real thin-film ferr
magnet into the metastable spin-current state present ex
mental and materials challenges that have not yet been o
come. For ferromagnets, the metastable states that ha
nonzero spin current are spiral states, as sketched in Fig

In Ref. 9 we demonstrated that these states are metas
only when the system has a nonzero magnetic anisotropy
is accurately uniaxial with an easy plane and proposed
experimental strategy to generate and detect macrosc
dissipationless spin currents in thin-film ferromagnets. Ot
related recent work has addressed persistent spin curren
rings that experience an inhomogeneous magnetic field.10–12

In this paper we consider the case in which thegroundstate
of the system has spiral order, the case ofhelimagnets. As
mentioned already in Ref. 9, the persistent spin current
spiral state is proportional to the derivative of its energy w
respect to the state’s winding wave vectorQ, a quantity
which necessarily vanishes in the ground state. Like fe
magnets, helimagnets do not normally carry a spin curren
0163-1829/2003/68~6!/064406~8!/$20.00 68 0644
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their ground state. However, as we demonstrate in this pa
in the helimagnet case a persistent ground-state spin cu
is induced by an external magnetic field.

Throughout this paper we consider states in which
spin densitŷ s(r )& lies in thex̂-ŷ plane. The stability of these
states will, in general, require some easy-plane anisotr
that could have magnetostatic or magnetocrystalline orig
The presence of such a magnetic anisotropy energy ter
implicitly assumed throughout the paper. In the first part
the paper, we set the applied magnetic field to zero and c
sider states with simple spiral order, illustrated schematic
in Fig. 1. Our objective in this section is to demonstrate
an explicit microscopic calculation the property that the s
ral ground states of helimagnets, unlike the spiral metasta
excited states of ferromagnets, do not carry persistent
currents. The order parameter of a spiral state is

^s~r !&Q5sQ@cos~Q•r !x̂7sin~Q•r !ŷ#, ~1.1!

and it is characterized by a wave vectorQ, by the magnitude
sQ of the order parameter, and by a chirality. For a sing
band lattice model 0<sQ<0.5ne, wherene is the electron
density per atomic site. AsQ is varied, the change of the
order parameter’s spatial dependence will cause a chang
the magnetic condensation energy and in the magnitud
the order parameter. We have argued previously9 that these
systems carry a dissipationless spin current—i.e., a cur
with equal magnitude and opposite directions for up a
down spins—which is related to the dependence of the t
energy densitye on Q by9

j ↑5
e

\

]e~Q!

]Q
52 j ↓ . ~1.2!

FIG. 1. State with spiral magnetic order in thex̂-ŷ plane char-
acterized by the wave vectorQ. The arrows represent the local sp
density of the itinerant-electron system.
©2003 The American Physical Society06-1
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Note that the spin quantization axis is along theẑ direction
here. All spin currents discussed in this paper are polari
along the direction perpendicular to the plane defined by
spiral order parameter; we therefore do not explicitly indic
the tensor character of spin currents. Equation~1.2! implies
that it is not the presence of spiral magnetic configuratio
but rather the change of total energy with varying spi
wave vectorQ which leads to spin currents.13 If the energy
has a local minimum at a finite wave vectorQ! ~as in a
helimagnet!, then this state will, unlike spiral states in a sy
tem with a ferromagnetic ground state, not support a per
tent spin current. We examine this property from a mic
scopic point of view in Sec. II. In Sec. III we discus
persistent spin currents using the picture of ‘‘Cooper pai
familiar from the Bardeen-Cooper-Schrieffer~BCS! mean-
field theory of superconductivity, which provides an altern
tive way of understanding when and why spin supercurre
appear for a given magnetization configuration.

With this background, we turn our attention in Sec. IV
a new strategy for generating persistent spin currents.
point out that persistent spin currents can be generate
systems with spiral magnetic order simply by applying
magnetic field oriented in the plane of spiral order, thex̂-ŷ
plane in our notation. The external magnetic field create
competition between spiral order with wave vectorQ! and
homogeneous magnetization along the field direction, le
ing to magnetic order described by a soliton lattice w
wave vectoruQu,uQ!u. We demonstrate that soliton-lattic
states carry persistent spin currents, whose amplitude is
trolled by the strength of the applied magnetic field. Fina
we conclude in Sec. V with some brief speculations on p
sible applications in spintronics for these field-induced s
currents.

II. MICROSCOPIC MODEL FOR PERSISTENT SPIN
CURRENTS IN HELIMAGNETS

A. Hartree-Fock theory for spiral magnetic order

In this section we try to shed additional light on the re
tionship between persistent spin currents and the depend
of energy on the spiral wave vector by carrying out expli
calculations for a simple toy model of an itinerant-electr
system with magnetic order. Similar spiral state models h
been presented previously;14,15 the following brief descrip-
tion is included for completeness and intended to estab
notation for the following discussion.

We consider a system of fermions on a lattice with sing
particle band energyek and delta-function repulsive particle
particle interactionUd(r i2r j ), which we treat in a mean
field approximation. The unrestricted Hartree-Fock me
field Hamiltonian for the spiral ordered state with wa
vectorQ is

H HF5
Vh2

U
1(

k
~ck1Q/2,↑

† ck2Q/2,↓
† !S ek1Q/2 2h

2h ek2Q/2
D

3S ck1Q/2,↑
ck2Q/2,↓

D , ~2.1!
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whereh5UsQ andsQ5(1/V)(k^ck1Q/2,↑
† ck2Q/2,↓&. The off-

diagonal terms in Eq.~2.1! couple electronic states with op
posite spin and Bloch wave-vector differenceQ. ~The wave
vectors above are understood to be reduced to the first B
louin zone of the lattice.! To diagonalize the Hamiltonian we
employ the transformation

S ak,1

ak,2
D 5S cosQk 2sinQk

sinQk cosQk
D S ck1Q/2,↑

ck2Q/2,↓
D , ~2.2!

with tan 2Qk52h/@ek1Q/22ek2Q/2# and 0<Qk,p/2, to ar-
rive at H HF5(Vh2/U)1(k,6Ek

6ak,6
† ak,6 . The eigenener-

gies of the ordered-state quasiparticles are given~for h>0)
by

Ek
65

ek1Q/21ek2Q/26A~ek1Q/22ek2Q/2!
214h2

2
.

~2.3!

The effective magnetic field which helps split the quasip
ticle bands is fixed by solving the self-consistency equat
h5UsQ . For this simple model an explicit expression can
given for the right-hand side and we obtain

U

V (
k

f ~Ek
2!2 f ~Ek

1!

A~ek1Q/22ek2Q/2!
214h2

51, ~2.4!

where f (E) is the zero-temperature Fermi function with th
chemical potential determined by (1/V)(k@ f (Ek

2)1 f (Ek
1)#

5ne.

B. Specific toy model

The above equations are valid for an arbitrary band d
persion relationek . In Ref. 9 free fermions with parabolic
dispersion were considered. For this case states with s
magnetic order always have higher energy than unifo
magnetization~ferromagnetic! states. In the present pape
however, we want to construct a model in which the mi
mum~mean-field theory! energy occurs for a spiral state wit
wave vectorQ!Þ0, i.e., a model for which spiral magneti
order is favored over ferromagnetism.16 This circumstance is
achieved most simply by choosing a quasi-one-dimensio
model, i.e., by choosing

ek5
W

2
@12cos~kza!# ~2.5!

for 2p/a<kz<p/a independent ofkx and ky , where W
defines the bandwidth. It is also convenient to consider
case of a half-filled band, i.e.,a5ne

21/3, where ne is the
electron density. We study this pedagogical toy model in
der to illustrate the general relationship discussed ear9

between spiral magnetic order and spin supercurrents,
with the objective of modeling any specific material. In pra
tice helimagnetism occurs for various reasons in several
ferent types of materials; see, for example, Ref. 17 and w
cited therein. We will briefly discuss some of these materi
in Secs. IV and V.
6-2
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Choosing a quantization axis perpendicular to the spi
order plane, the spin-projected current density is given b

js5
e

V (
k

]ek

]~\k!
^cks

† cks&. ~2.6!

The number operator average in the mean-field-theory s
can be expressed in terms of Fermi occupation factors for
quasiparticles of the Hartree-Fock Hamiltonian, leading t

j ↑5
e

V (
k

]ek1Q/2

]~\k!
@sin2Qk f ~Ek

2!1cos2Qk f ~Ek
1!#.

~2.7!

It is then straightforward to show thatek5e2k implies that
j ↓52 j ↑ .

An alternative expression follows from Eq.~1.2!, which
was discussed earlier9 and is explained in more detail in th
Appendix. The mean-field theory expression for the ene
of a state with spiral wave vectorQ is

e~Q!5
h2

U
1

1

V (
k

@Ek
1 f ~Ek

1!1Ek
2 f ~Ek

2!#. ~2.8!

For all the numerical results discussed in this paper we
plicitly checked the equivalence of Eqs.~1.2! and~2.7!. Note
that a spin current can be present even though the quas
ticle population is in equilibrium. Elastic scattering from o
cupied to unoccupied quasiparticle states cannot provid
spin-current decay mechanism. The spin currents are ins
carried collectively, as in the case of dissipationless cha
transport in BCS superconductors, and can decay only
collective processes18 that allow the phase, which specifie
the spiraling magnetization orientation, to slip.

C. Numerical results

Our numerical results are summarized in Figs. 2 and
We chooseQ5Qz to be in theẑ direction. In Fig. 2 we plot

FIG. 2. Quasiparticle bandsEkz

1 ~a! andEkz

2 ~d! for two different
values of Q. The interaction strengthU is characterized by
2neU/(pW)51. For comparison, we also show the dispersion
lations ekz1Q/2 ~b! and ekz2Q/2 ~c! for the zero-order parameter a
dashed lines.
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the quasiparticle energiesEk
6 for Q50.7p/a andQ5p/a.

The dashed curves representekz6Q/2 for spin-up and spin-

down electrons, respectively; note that the bands are de
erate forkza5p when the order parameter vanishes. T
quasiparticle bands Ekz

6 ~solid lines! are split by

A(ek1Q/22ek2Q/2)
214h2, weakening the dispersion of bot

the occupied band and the empty band. The self-consiste
determined values of the order parametersQ , the magnetic
condensation-energy densityecond5e02e(Q) ~where e0

5neW(1/221/p) is the energy density of the state withh
50), and the spin supercurrent densityj 5 j ↑52 j ↓5are
plotted as a function of the spiral wave vectorQ in Fig. 3.
For the half-filled band case we consider that the conden
tion energy is maximized forQ5p/a. In accordance with
Eq. ~1.2! no spin supercurrent is present at this value ofQ.
For other values ofQ the derivative]e(Q)/]Q is finite and
the spin supercurrent is nonzero. In Fig. 3 we have u
dashed lines in the regions where] j (Q)/]Q is negative, to
emphasize that the spiral state is not metastable. Energy
always be gained in this regime without changing the to
number of phase windings by introducing domains with d
ferent phase winding rates.

-

FIG. 3. The order parametersQ normalized to the electron den
sity ne, the magnetic condensation-energy densityecond normalized
to the energy densitye0 of the disordered state, and the spin sup
current densityj 5 j ↑52 j ↓ normalized toj 05enevkF

as a function
of the ordering wave vectorQ for 2neU/(pW)51. The dashed
lines indicate an instability regime against phase separation
regions with larger and smallerQ.
6-3
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This example clearly shows that spiral magnetization c
figurations do not necessarily lead to spin supercurrents
stead they occur when the system is driven from its gro
state into a state with a nonoptimal spiral wave vectorQ. In
the case of a ferromagnet—i.e., a system for which the
ergy is minimized byQ50—it might9 be possible to do this
by driving the system from equilibrium using spin-selecti
transport currents supplied by ferromagnetic electrodes. T
possibility has not yet been demonstrated experiment
however, and may require combinations of material char
teristics and geometries that are difficult to achieve. T
difficulty motivates us to try to find other strategies for re
izing persistent spin currents. As we discuss in Secs. IV
V of this paper, in the case of a system with a spiral grou
state persistent spin currents can be generated simply by
plying an external magnetic field in thex̂-ŷ plane. The in-
plane field drives the spiral state to a soliton lattice st
which doescarry a persistent spin current. Before turning
this central portion of our paper, we first briefly comment
the relationship between our discussion of persistent curr
in ferromagnets and Anderson’s discussion19 of superconduc-
tivity in terms of magnetic order in an effective spin mod

III. ANALOGY WITH BCS THEORY

To understand the physics behind our results for the
sipationless spin currents it is instructive to invert And
son’s analogy and address magnetic properties in term
superconductivity. An analogy between Josephson junct
and tunnel junctions between ferromagnetic metals has b
presented recently20 which is in the same spirit as the prese
discussion. The spin supercurrents discussed in this p
and the electrical supercurrents supported by a Cooper
condensate in BCS superconductors appear in a similar
when a particle-hole transformation is performed in one
the spin subspaces—say, for spin down—to convert parti
particle order into particle-hole order. For example, the d
nition of the order parameter in the microscopic model,sQ
5(1/V)(k^ck1Q/2,↑

† ck2Q/2,↓&, is mapped to the order param
eter of a superconductor with a momentumQ pair conden-
sate by this transformation. A finite value of the order para
eter sQ corresponds to the formation of ‘‘Cooper pairs
consisting of an electron and a hole. These pairs carry
electric charge so that no charge supercurrent arises from
order. The formation of pairs with a finite momentum
partly analogous to the process leading to Fulde-Ferr
Larkin-Ovchinnikov states21 in a superconductor.

We can achieve a qualitative understanding of our
merical results for the persistent spin current by combin
Eqs. ~1.2!, ~2.3!, and ~2.8! and ignoring the dependence
the order parameter magnitude onQ. Then the contribution
to the current from each wavevectork in Eq. ~2.8! depends
only on the velocities of the electron and hole in the ‘‘Coop
pair,’’ vk5]ek /](\k) andv2k52vk . ~These bare velocities
can be identified with the slopes of the dashed lines in F
2.! At finite Q, however, the velocity of a ‘‘Cooper pair’’ is
finite and the sum over all wave vectorsk in general pro-
duces a result that is not zero. Thinking in this way we c
see directly that the pointQ5p/a, for which we found in
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the previous section that the condensation energy is max
and the total spin supercurrent is zero, is special. The rea
is that the contribution of each ‘‘Cooper pair’’ is neutralize
by that of another pair with reversed wave vectors for b
electron and hole.

IV. PERSISTENT SPIN CURRENTS IN HELIMAGNETS

Two classes of helimagnets have been extensively stu
in the past. The first is comprised of MnSi and related ma
rials that have long-period helical ground states becaus
the Dzyaloshinskii22 instability of ferromagnetism in system
without inversion symmetry. These systems have been s
ied extensively very recently23 because they provide an ex
ample of an itinerant-electron magnetic system in which
ordering temperature can conveniently be driven to zero
applying pressure and because they appear to show
Fermi-liquid behavior associated with this nearby quant
critical point. They also have the potential advantage for
phenomenon of interest here that the chirality degener
present in the microscopic model studied in Sec. II, for e
ample, is lifted24 by broken inversion symmetry. In this cas
however, the plane of the spiral magnetic order is fixed o
indirectly by anisotropy in the gradient term in the Landa
Ginzburg energy functional and the easy-plane anisotr
that we require is rather weak.

The second class of materials consists of the heavy me
Tb, Dy, and Ho which have helical ground states due
frustration induced by RKKY interactions between the ra
earth moments and do have strong easy-pl
anisotropy.25–27At present, it appears to us that these are
most promising materials for the realization of persiste
spin currents.

In the case of a superconductor, charge supercurrents
be generated quite simply by biasing the sample with
external current source. In the case of an easy-plane fe
magnet, spin supercurrents can be generated by biasing
systems with an external spin current. One possible sch
for realizing such a bias using four ferromagnetic contact
discussed in Ref. 9, but its success depends on avoiding s
flip processes at the interfaces and on having thin-fi
samples with spin-diffusion lengths that are larger than
sample size. For systems with a spirally ordered grou
state, however, there is an easier and more straightforw
way of generating persistent spin currents which does
depend on achieving spin-current biasing. Instead, persis
spin currents can be generated in the ground state of
system simply by applying a magnetic field in the plane d
fined by the spiral order parameter. In the continuum mo
that we study, the persistent-current state in a helimagnet
soliton-lattice state for which the lattice Bloch wave vector
not a good quantum number. For this reason we cannot ea
describe these states microscopically. We therefore us
phenomenological model for the following discussion.

A. Magnetic order in the presence of an in-plane magnetic field

A magnetic field in thex̂-ŷ plane alters the spiral state. A
sufficiently large field strengths, it is clear that the magne
6-4
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PERSISTENT SPIN CURRENTS IN HELIMAGNETS PHYSICAL REVIEW B68, 064406 ~2003!
field will lead to nearly uniform spin polarization along th
field direction. As we show, for fields below a critica
strength, the spiral state is driven by the field to a solito
lattice state, in which the magnetization orientation slips
riodically from the field-direction orientation.

We assume that due to easy-plane anisotropy the ma
tization is in thex̂-ŷ plane and has a spatially constant a
plitude. The orientation variation of the magnetization de
sity m(r )5gmB^s(r )& is parametrized by the angula
variable q(r ) via m(r )5m0$cos@q(r )# x̂2sin@q(r )# ŷ%. For
clarity, we chooseQ! in the ẑ direction, Q!5(0,0,Q!), so
that q only depends on theẑ position. However, the follow-
ing discussion does not depend on this specific choice
determine the magnetic order atT50 we have to minimize
the energy density

e5E dz

Lz
Frs

2
u]zq~z!2Q!u22B•m~z!G , ~4.1!

whereLz is the length of the sample in theẑ direction, the
spin stiffnessrs characterizes the energy cost for spiral ord
with wave vectors close to the minimal valueQ!, andB is
the in-plane magnetic field.

Without loss of generality we choose the inplane magn
field along thex̂ direction, B5(B,0,0). For this particular
choice of directions,q is the angle between the local ma
netization direction and the external magnetic field. T
model for a spiral state in an external field@Eq. ~4.1!# is
equivalent to the Pokrovsky-Talapov~PT! model, reviewed,
for example, by Bak,28 used originally to model
commensurate-incommensurate transitions and more
cently to model the influence of an in-plane field o
spontaneous-coherence broken-symmetry states in bil
quantum Hall systems. In using this model we assume
the energy density depends on the gradient of the orienta
angle q and that, for qualitative purposes, we can expa
around the value of the gradient that minimizes the ene
density. This chiral model favors a particular sign for]zq
and does not account for the symmetry-based expecta
that the energy density will have minima for]zq56Q* .
Hence it accounts only for the effect of a magnetic field o
spiral-state domain with a particular chirality; we specul
later on persistent spin currents near boundaries between
mains with opposite chirality. A more general model of t
gradient energy that does not favor a particular chira
would have the form *(dz/Lz)(rs/2)@2(]zq)2/2
1(]zq)4/4Q* 2# plus a constant. Finally, our continuum
model ignores the possibility of locking to configuratio
that are commensurate with the underlying lattice. Lock
to commensurate configurations has been studied for h
magnets in fields for both nonchiral29 and chiral30 models.
Indeed, magnetoelastic coupling is known to play an imp
tant and complex role27 in the response of helimagnets
external magnetic fields. Our use of a chiral continuu
model for the following discussion certainly does not capt
the full richness of real helimagnets in external magne
fields. Our intention here is to demonstrate simply the g
eral property that external fields induce persistent spin c
06440
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rents within each chiral domain, using a model that is w
understood.28,31 In the following discussion we use we
known properties of the classical sine-Gordon model
evaluate the persistent spin current within a chiral domain
a helimagnet.

Minimization of the energy with respect to variations
q(z) leads to the sine-Gordon equation

]2q~z!

]z2 5
1

j2
sin@q~z!#, ~4.2!

wherej5Ars/Bm0. For fieldsB larger than a critical value
Bc , the ground-state magnetization is uniform wi
q(z)[0. For B just below Bc the energy can be
lowered by incorporating isolated 2p solitons: qss(z)
54arctan$exp@6(z2z0)/j#% for a soliton centered atz0. At
Bc , the uniform state has the same energy as a state w
accommodates a single soliton. By comparing energies
find that in terms of the notation defined above

Bc5
p2

16

rs

m0
Q!2. ~4.3!

For B,Bc the magnetic state can be described as a sol
lattice ~SL! with period a. The associated wave vectorQ
52p/a varies fromQ50 at B5Bc to Q5Q! at B50. In
the latter limit the soliton-lattice state approaches the sp
magnetic order state, discussed from a microscopic poin
view in the first part of the paper. The total phase chan
along the sample is given byQLz .

The results collected in the following paragraph a
adapted from Ref. 31 and earlier work cited therein. Minim
zation of the model’s energy in the soliton lattice state giv
cos@q(z)/2#52sn@(z2z0)/hj,h# where sn denotes the sine
amplitude Jacobian elliptic function32 and h is a constant
which depends on the strength of the magnetic fieldB,

B

Bc
5S h

E~h! D
2

, ~4.4!

whereE(h)[*0
p/2dbA12h2sin2b denotes the complete e

liptic integral of the second kind.32 From that we see that th
limit h51 applies at the SL state withB5Bc and thath
50 describes the opposite situation of a vanishing in-pla
magnetic fieldB50. The wave vectorQ of the SL is given
by

Q

Q!
5

~p/2!2

K~h!E~h!
, ~4.5!

whereK(h)[*0
p/2db/A12h2sin2b denotes the complete e

liptic integral of the first kind.32 We note thatQ50 for B
5Bc and Q5Q! for B50. Finally, the expression for the
energy density of the SL, which we relate to persistent s
currents below, is

e5
rs

2
Q!22Bm0S 2

h2
21D . ~4.6!
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The SL energy density is plotted as a dashed line in Fig
For B,Bc the SL is energetically favored over a unifor
state, whose energy is (1/2)rsQ

!22Bm0. For BÞ0 the SL
lattice is always favored over the spiral state~with wave
vector Q!). The energy of the latter state is the zero
energy of our model.

A cautionary note is appropriate at this point. We do n
expect that the expansion of the gradient energy around
spiral wave vector that appears in our model will be realis
for typical spiral magnets all the way down to theQ50 state
that is favored by the in-plane field. It follows that our mod
is most realistic physically in theB,Bc region.

B. Spin supercurrent

We now demonstrate how the in-plane magnetic fi
gives rise to a persistent spin current. To derive an expres
for the spin-current density we introduce a spin-depend
spatially constant vector potentialAs5Asẑ. The energy den-
sity of the system then reads

e5
1

2 (
s

E dz

Lz
Frs

2 S ]q

]z
2Q!1s

2e

\c
AsD 2

2Bm0cosS q1
e~A↑2A↓!

\c
zD G . ~4.7!

Note that here we have explicitly used the coincidence oq
with the angle between the magnetization direction and
magnetic field; for a different orientation of the magne
field in the x̂-ŷ plane, Eq.~4.7! adopts a different form. The
spin-dependent current density follows from the derivat
j ↑5c]e(A↑ ,A↓)/]A↑ at A↑5A↓50. Making use of the re-
lation *dzsin@q(z)#50, that holds for all soliton lattices with
arbitrary wave vector, we find that

j ↑5
e

\
rs~Q2Q!!52 j ↓ . ~4.8!

FIG. 4. Energy vs in-plane magnetic field for our spiral-sta
model. The soliton-lattice state minimizes the model energy foB
,Bc , while the state in which the magnetization is aligned w
field minimizes the energy forB.Bc . The soliton lattice state en
ergy approaches the spiral-state energy asB→0. The energies are
normalized toBcm0.
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At B50 we have a spiral state withQ5Q! and the spin
current vanishes. With increasing strength of theB field the
wave vectorQ decreases and a finite spin supercurrent aris
At B5Bc the spin currentj ↑ reaches its maximal valuej 0
[2(e/\)rsQ

!. The limit of small magnetic fields,B!Bc ,
is described by

j ↑
j 0

'
p4

512S B

Bc
D 2

. ~4.9!

The spin current density as a function of the in-plane m
netic field is shown in Fig. 5.

In conclusion, the SL state of a helimagnet carries a fin
persistent spin current, without any electrical current, whe
magnetic field is applied in the plane defined by the sp
order.

V. DISCUSSION

We have shown in this paper that persistent spin curre
can be induced in helimagnets by applying a magnetic fi
in the plane defined by the spiral order. It is interesting
speculate on the possibility of exploiting this effect for ne
types of spintronic devices. Current spintronic devices m
use of magnetotransport effects like anisotropic magnet
sistance, giant magnetoresistance,33 and tunnel
magnetoresistance,34 all of which follow from the depen-
dence of quasiparticle transport on the collective magn
state. The effect we have discussed here is distinctly diffe
in that it is an equilibrium spin current that is carried colle
tively rather than by quasiparticles.

To illustrate the possibility of realizing interesting magn
totransport effects based on field-induced persistent curr
in helimagnets, consider the case illustrated in Fig. 6.
consider current flow along a ferromagnetic wire which co
tains a helimagnet. The magnetization direction in the fer
magnets is assumed to be aligned along the direction of
wire by magnetostatic energy, and the electrical curren
the ferromagnet will be spin polarized along the direction
the magnetization. We also assume that the helimagne
grown so that it has its wave vector along the wire direct

FIG. 5. Spin supercurrent densityj [ j ↑ induced by an in-plane
magnetic field. In the spirally ordered state atB50 there is no
current and forB.Bc the current is constant.
6-6
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and the spiral magnetization is in the perpendicular pla
this would be the case, for example, for rare-earth m
single-crystal helimagnets with their hcpc axis aligned with
the wire. The quasiparticles of the helimagnet would th
tend to have their spins aligned in the plane perpendicula
the wire axis, suppressing their ability to carry currents t
are spin polarized along the wire axis and increasing
resistance of the overall system. In the presence of a fi
perpendicular to the wire axis, however, the helimag
would have a persistent spin current polarized along the w
axis, eliminating the need to carry the spin current with q
siparticles. We predict that because of the persistent spin
rents, an in-plane field could therefore alter the resistanc
this system. Since the persistent spin current has a sign
depends on the chirality of the spiral, the sign of the res
tance depends on this quantity. The effect should be stron
in samples with a single chiral domain.

This same effect could also be of interest in a simi
setup where the helimagnet is connected to normal met
leads. Then the spin current in the helimagnet results
different resistance for the electron spins entering from
leads. In this fashion the helimagnet could act as a tuna
spin filter which is controlled by an external magnetic fie

It may also be possible to realize spin-torque35 effects in
helimagnets that are distinct from those which occur in f
romagnets. Spin torque occurs when the spin polarizatio
a quasiparticle current changes with position by altering
spin distribution of current-carrying states, transferring
spin carried by the quasiparticle to the collective magne
coordinate. The field-induced persistent spin current in a
limagnet will have a strong spatial dependence, a s
change, in fact, near a boundary surface between dom
with opposite chirality. The divergence of this spin curre
makes a contribution to the time-dependent spin polariza
that is canceled by the torque due to the external magn
field when the domain wall is in equilibrium. When the d
main wall is not in equilibrium—for example, by being dis

FIG. 6. Sketch of the setup discussed in the text. The direc
of the magnetization is indicated by the arrows. In the wires i

parallel to theẑ axes along the transport direction, while in th

helimagnet~shaded gray! it is circulating in thex̂-ŷ plane as shown
in the lower part of the sketch.
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placed from a pinning center—these two contributions w
not cancel and the net torque will lead to a time-depend
magnetization orientation. Conversely, the equilibrium po
tion of a pinned domain wall will be sensitive to the presen
of persistent currents and will therefore be altered by an
plane field.

In conclusion, we have studied the relation between sp
magnetic order and dissipationless spin transport. We h
demonstrated the possibility of dissipationless spin curre
in states with equilibrium quasiparticle populations. The
spin currents are always associated with spiral magnetic
der. On the other hand, the existence of spiral magnetic o
is, in general, not sufficient to guarantee collective s
transport. In particular helimagnets, which have spi
ground states, do not support persistent spin currents. H
ever, persistent spin currents can be induced in these sys
simply by applying an external magnetic field.
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APPENDIX: PROOF OF Eq. „2…

In order to prove that the spin-current density is related
the derivative of the total energy with respect to the wa
vector Q as given in Eq.~1.2! we extend the Hartree-Foc
Hamiltonian, Eq.~2.1!, by formally introducing an additiona
parameterQ̃ via the replacementek1Q/2→ek1(Q1Q̃)/2 and
ek2Q/2→ek2(Q1Q̃)/2 . Our original Hamiltonian, Eq.~2.1!,
corresponds toH HF(Q,Q̃)uQ̃50. The quasiparticle ground
state for givenQ and Q̃ is an eigenstate and, therefore, t
Hellmann-Feynman theorem applies:

]^H MF~Q,Q̃!&

]Q̃
U

Q̃50

5K ]H MF~Q,Q̃!

]Q̃
L

Q̃50

. ~A1!

By comparing the right-hand side~RHS! with Eq. ~2.6! we
find that Eq.~A1! equalsV(\/2e)( j ↑2 j ↓). To evaluate the
LHS of Eq. ~A1! we observe that the quasiparticle energ
Ek

6 for H MF(Q,Q̃) as well as the value ofh depend onQ
andQ̃ only in the combinationQ1Q̃. As a consequence, w
can replace]/]Q̃ by ]/]Q. Together withj ↑52 j ↓ , this im-
mediately proves Eq.~1.2!.
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