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Abstract
Electrically injected and detected nonlocal magnon transport has emerged as a versatile
method for transporting spin as well as probing the spin excitations in a magnetic insulator. We
examine the role of drift currents in this phenomenon as a method for controlling the magnon
propagation length. Formulating a phenomenological description, we identify the essential
requirements for existence of magnon drift. Guided by this insight, we examine magnetic !eld
gradient, asymmetric contribution to dispersion, and temperature gradient as three
representative mechanisms underlying a !nite magnon drift velocity, !nding temperature
gradient to be particularly effective.
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1. Introduction

In ordered magnetic insulators, spin waves can transport spin
and heat without an actual motion of electrons [1–7]. The
corresponding bosonic quasiparticles—magnons—bear sev-
eral properties distinct from electrons [8–18], which make
them interesting from both physics and technological perspec-
tives. Due to the generally non-conserved nature of spin, a
range of phenomena not admitted by electric current become
feasible. Exploiting this principle, coherent spin waves gener-
ated using a microwave antenna can be ampli!ed via various
mechanisms, such as charge current [1, 19, 20], spin transfer
torque [21–24], and thermal gradient [25–27]. Furthermore,
attributes such as chirality can be bestowed upon the different
spin wave modes via engineering of the energy landscape in
the host magnet [28–38].

Spin transport via incoherent magnons, i.e., by a drive such
as temperature that does not select a single mode, has also

! Author to whom any correspondence should be addressed.

been proposed and demonstrated [4, 5, 14, 39]. As a prominent
example, nonequilibrium magnons and spin can be injected
electrically into a magnetic insulator using a heavy metal
electrode [39–46], made from platinum, for example. Detect-
ing these by a spatially separated electrode provides crucial
insights into the nature of spin propagation in the magnet
[9, 40, 47]. Such a nonlocal method has been inspired, in large
part, by the corresponding studies of electronic spin injec-
tion and detection in metallic and semiconducting systems
[48–51]. In the latter, spin chemical potential characterizes
spin transport. In a similar fashion, magnon chemical potential
[44, 52] has been found to play the dominant role in nonlocal
spin transport studies employing magnetic insulators.

Taking further inspiration from this similarity, one may con-
sider the possibility of modulating the magnonic spin propa-
gation length in nonlocal transport studies using pre-existing
drift currents. Such effects have previously been demonstrated
for electronic spin transport [50, 53–56], and has recently been
observed in the context of magnonic spin transport [57]. Once
again, unique properties of these non-conserved magnons
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Figure 1. One-dimensional random walk [50]. During one time step
of the walk, particles in a bin of size l may move to the right (left)
bin with a probability p+ (p"). Their transport bears a drift
contribution when p+ #= p".

should enable novel drift mechanisms associated with, for
example, the chirality of eigenmodes [28, 31, 37, 38, 57].

In this article, inspired by the similarity between nonlocal
spin transport in electronic and magnonic systems, we theoret-
ically examine the emergence of drift currents and concomitant
control of spin propagation length in magnonic systems. We
!rst establish the drift phenomenology for magnons thereby
clarifying its qualitative role in nonlocal magnon transport
experiments. Equipped with these insights and using the Boltz-
mann equation approach [44, 58, 59], we examine three repre-
sentative mechanisms that may cause magnon drift—magnetic
!eld gradient [7, 32, 60–65], asymmetric contribution to dis-
persion [29–34, 37, 57, 66, 67], and temperature gradient
[4, 5, 7, 32, 44, 62, 63, 68–71]. These have been studied previ-
ously, but without accounting for their drift-mediated coupling
to a nonequilibrium magnon chemical potential. We demon-
strate that as regards the role of these mechanisms in nonlocal
magnon transport, their leading order effect may be captured
via a magnon drift velocity. Comparing the latter for these
three representative mechanisms, we assess that temperature
gradient should offer a good handle for in"uencing the spin
propagation length in nonlocal magnon transport.

2. Phenomenology of drift

As compared to electronic spin transport [50], magnons con-
stitute a platform with several qualitative distinctions as spin
carriers. These differences include the bosonic, non-conserved
nature of magnons as well as their carrying a scalar spin polar-
ized along the direction of equilibrium magnetic order. We
begin by considering the one-dimensional random walk [50]
of a large number of nonconserved particles to elucidate the
requirements for emergence of drift (!gure 1). Dividing the
space into bins with a small length l, there are n(x, t) particles
at a given time t in the bin located at x. During one step of the
random walk, which is assumed to take a small time ! , the par-
ticles can do one of the following three things. They can jump
to the right (left) bin with a probability of p+ (p"). Or they
can disappear with probability 1 " p+ " p". Thus, the parti-
cles after one step in a bin at position x, n(x, t + ! ), were at the
adjacent bins before the step such that:

n(x, t + ! ) = p+n(x " l, t) + p"n(x + l, t), (1)

where the !rst term on the right-hand side accounts for the
particles that have arrived from the left bin, and the second
term accounts for those arrived from the right bin. Employing
Taylor expansion in (1) and denoting n(x, t) simply by n, we
obtain

n +
"n
"t

! = ""n
"x

l
!

p+ " p"
"

+
"2n
"x2

l2

2
(p+ + p") + (p+ + p")n,

(2)

$ "n
"t

+
"

"x

!
vdn " D

"n
"x

"
= " n

!n
, (3)

where the !nal result takes the form of particle continuity
equation [50]. The current, given by the expression enclosed in
brackets (3), includes a diffusive component parameterized via
D % l2(p+ + p")/(2!) and a drift contribution given in terms
of the drift velocity vd % l(p+ " p")/! . The right-hand side
of (3) accounts for particles disappearing with a time constant
! n = !/(1 " p+ " p"). Here, we have assumed the particles
to completely vanish at large enough times. In general, relax-
ation tends to bring the particle density to an equilibrium value
[58]. Equation (3) shows that the drift velocity is a direct con-
sequence of particles preferring to go toward one direction as
compared to the other. This can be accomplished by breaking
the spatial inversion symmetry from the particles’ perspective,
which is generally different from the full system Hamiltonian,
as clari!ed further below.

When one considers electrons which are conserved [50],
p+ + p" = 1 and ! n &', such that the sink term on the right-
hand side of (3) vanishes. Furthermore, the prototypical drift
current in an electronic system results from an applied electric
!eld [50, 53–56] such that the drift velocity is proportional to
the applied electric !eld. This relation can be evaluated within
the Drude model, for example, leading to Ohm’s law. Employ-
ing this mechanism, a strong modulation of electronic spin
propagation length has been demonstrated in various materi-
als. From a theory perspective [50], it is often assumed that
p+ " p" ( 1, which further implies vd ( l/! ) vrms, where
vrms is the root mean square velocity of the particles.

In uniformly ordered magnets, a homogeneous applied
magnetic !eld typically does not break the spatial symmetry
from the perspective of magnons. Even though it breaks the
spatial symmetry for the spin system and consequently the
magnetic ground state, the magnon Hamiltonian remains spa-
tially invariant. This has motivated several authors to consider
the magnetic !eld gradient as the driving force for magnon
"ow [7, 32, 60–65]. This mechanism is similar to the case
of electric !eld acting on electrons, which may be seen as
the gradient of electric potential [59], and will be addressed
in section 4. This is tantamount to breaking the spatial sym-
metry in real space. Second, we consider the magnon disper-
sion to bear a contribution antisymmetric in the wave-vector
(section 5). This is representative of symmetry breaking in the
reciprocal space, and via the group velocity directionality. This
mechanism is intricately related to chiral modes and enables
a homogeneous magnetic !eld to in"uence the spatial sym-
metry of magnons [29, 31–34, 37, 57]. Finally, we consider
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Figure 2. Nonequilibrium magnons, characterized by a nonzero
chemical potential, are injected into a ferromagnetic insulator
(yellow) by electronic spin accumulation generated in a heavy metal
electrode (gray). These transport through the magnet and are
detected by a separate heavy metal electrode as the magnon
chemical potential at its location. Due to a pre-existing drift current
(depicted via green arrows) in the magnet, the magnon propagation
length bears a contribution proportional to the drift current (10)
allowing for the former’s control via the latter.

the possibility of spatial symmetry breaking by an incoher-
ent property characterizing the system, such as temperature
[4, 5, 7, 32, 44, 62, 63, 68–71], in section 6. But !rst, we
establish the general role and manifestations of drift in non-
local magnon transport experiments within a simpli!ed, but
rigorous, model in section 3.

3. Nonlocal magnon spin transport

We now describe our general model for magnonic spin trans-
port observed via electrical injection and detection of spin in a
ferromagnetic insulator using the setup depicted in !gure 2.
Via the spin Hall effect [45, 72], a charge current driven
through the injector electrode generates spin accumulation at
its interface with the magnet, which in turn injects magnons
into the latter. These propagate in the magnet reaching detector
electrode on the right, where they drive a spin current into the
detector. Via inverse spin Hall effect [45, 73], this is detected
as a voltage under open circuit conditions. Thus, a charge cur-
rent in the injector leads to a voltage in the detector medi-
ated by magnonic spin transport in the magnet. The ratio of
this detected voltage to the injected current is termed nonlo-
cal magnetoresistance and is directly measured in experiments
[39, 40, 42–44].

Focusing on the magnon propagation in the ferromagnetic
insulator !rst, the transport can be formulated in terms of
the magnon continuity, derived using the Boltzmann equation
approach [44, 58, 59] in appendix A:

"n
"t

+ * · jm = "n " n0

!m
, (4)

where jm is the magnon current density, !m is the magnon
decay time, and n0 is the equilibrium magnon density. As
detailed further in appendix A, the relatively simple formu-
lation of (4) is enabled by the separation of magnon scattering
time scales [44]. The processes that conserve the spin and con-
sequently the number of magnons are predominantly mediated
by exchange interaction, which is the strongest energy scale in
the magnet, and are fast [1, 44]. We characterize them with a

small phenomenological time ! . The value of ! and the scat-
tering processes that come to dominate it will depend on the
situation under consideration. On the other hand, the magnon
decay takes places via processes that do not conserve their
number and that are mediated by weaker interactions, such as
dipole–dipole interaction [1, 44]. These are characterized by a
larger time scale !m + ! . The situation is thus similar to the
case of random walk considered in the preceding section.

Due to this hierarchy of time scales, primarily the nonzero
magnon chemical potential characterizes the excess magnons
(injected by a heavy metal, for example) and their transport
in the magnet [44]. Furthermore, due to a rapid thermalization
without changing the number of magnons, the latter can be
characterized by a common local temperature for the entire
system that includes phonons. As a result of this, the magnon
density time dependence can primarily be described via the
chemical potential, as detailed further in appendix A:

"n
"t

= #
"µ

"t
, (5)

where the general form of n(r, t) = n0 + #µ(r, t) is obtained
using the Boltzmann theory formulated in appendix A for
the various speci!c cases considered in this work. Further,
the magnon current density can be expressed in the following
general form:

jm = j0 " $m*µ + #vdµ, (6)

where j0 is a spatially homogeneous contribution independent
of µ, $m is the magnon conductivity [44], and vd becomes the
drift velocity. The speci!c expressions for the magnon current
density jm induced by different drives are obtained in different
sections below using the formalism described in appendix A.
Combining equations (4)–(6), we obtain the equation govern-
ing magnon chemical potential and thus, transport:

"µ

"t
" Dm*2µ + vd · *µ = " µ

!m
, (7)

where Dm = $m/# is the magnon diffusion constant. We treat
(7) as the de!nition for drift velocity as the equation allows its
direct interpretation in terms of its effect on magnon transport,
as demonstrated below. In the following sections, we evalu-
ate and compare vd under various situations hosting !nite drift
currents.

In order to capture the qualitative physics within a simpli-
!ed analytic model [44, 74], we assume the magnetic layer
to be thin and the device depicted in !gure 2 to be spatially
invariant along the z-direction. With these assumptions, we
may assume the magnon chemical potential to depend only
on the x coordinate making the equation to be solved (7)
one-dimensional. This approximation is tantamount to disre-
garding chemical potential and temperature variation in the
direction perpendicular to the magnet/heavy metal interface.
While being a good approximation for thin !lms, it breaks
down when the magnetic layer thickness is comparable to the
magnon diffusion length of few microns. Under those con-
ditions, a two- or three-dimensional numerical modeling is
necessary [44]. We further assume the injector and detector
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electrodes to be weakly coupled with the magnetic insulator
layer, and the magnon drift velocity vd to be directed in the
magnetic !lm plane. Under these circumstances, as detailed
in appendix B, the magnon injection is accounted for via the
boundary condition [74]:

" $m
"µ

"x

####
x=0

= jin, (8)

where we assume the injector to be located at x = 0, and jin is
proportional to the charge current driven through the injector
electrode as detailed in appendix B. With these assumptions
and in steady state, the solution to (7) for the range x > 0 is
obtained as:

µ(x) =
lp jin
$m

exp
!
" x

lp

"
, (9)

lp =

$
%2

m +
%vdx!m

2

&2
+

vdx!m

2
, %m +

vdx!m

2
,

(10)

where %m %
-

Dm!m is the magnon diffusion length, vdx is the
x component of the drift velocity, we assume |vdx!m| ( %m for
simplicity, and we further required µ(x & +') & 0 in obtain-
ing the above solution. Equation (10) shows that the magnon
propagation length lp bears a contribution from drift, which
can be positive or negative depending on the sign of vdx. Thus,
the magnon propagation can be modulated via the drift [57].
Without loss of generality, we consider the drift to point along
the x axis in the rest of our analysis such that we may replace
vdx & vd.

Within our assumption of a weakly coupled detector elec-
trode, as detailed in appendix B, the nonlocal voltage signal
detected by the right heavy metal electrode is proportional to
the magnon chemical potential at its location xd [44, 74]:

µ(xd) =
lp jin
$m

exp
!
" xd

lp

"
, (11)

, %m jin
$m

exp
!
" xd

%m

"!
1 +

vd!m

2%m
+

xdvd!m

2%2
m

"
,

(12)

where we assumed |xdvd!m| ( %2
m in addition to |vd!m| ( %m

assumed already. Equation (12) shows that a positive drift
velocity increases the signal detected by the right heavy metal
electrode. The contribution of drift can be isolated experi-
mentally by recording the dependence of this signal (12) on
handles, such as applied magnetic !eld direction [57] or tem-
perature gradient magnitude, that in"uence the drift velocity.

In typical experiments, the heavy metal electrodes are cou-
pled not so weakly to the magnetic insulator since the detected
signal is directly proportional to the square of this coupling,
quanti!ed via the interfacial spin conductance [44]. Under
those conditions, the analysis of experimentally measured non-
local magnetoresistance becomes tedious and simple analytic
expressions are not available [44]. Hence, while our analysis

captures the qualitative physics well, it might become nec-
essary to perform simulations for a comparison with experi-
ments. Further, our thin-!lm one-dimensional model does not
admit the possibility of different drifts at the two surfaces of the
magnet. In case the drift current varies through the magnetic
insulator thickness, the magnon chemical potential transport
is more sensitive to the drift current close to the surface that
is interfaced with the heavy metal electrodes. Such effects can
be captured by solving the full three-dimensional (7) and are
beyond the scope of this work.

4. Real space dependence of dispersion

We now derive expressions for magnon current and the corre-
sponding drift velocity considering a spatially dependent dis-
persion. An example of this situation is an applied magnetic
!eld with its magnitude varying linearly in space. Such a drive
has been considered by several authors [7, 32, 60–65] previ-
ously using a broad range of analytic and numerical methods.
Here, we follow the Boltzmann equation approach of refer-
ence [62], in which the focus was on thermal transport of the
magnons driven by the magnetic !eld gradient. Generalizing
their methodology [58, 59, 62] to include a nonzero magnon
chemical potential [44], we obtain the desired expression for
the magnon current and drift velocity.

In this approach, a WKB approximation is made and
magnons are assumed to have an energy h̄& that depends on the
spatial position: & % &(r, k) = &H(r) + &0 + 'k2 % &H(r) +
&s(k). Here, we consider the spatially dependent part to result
from the Zeeman energy due to the applied magnetic !eld
H(r)x̂: &H(r) = |(|µ0H(r), where ( is the typically negative
gyromagnetic ratio, and µ0 is the permeability of vacuum.
The contribution &s = &0 + 'k2 results from anisotropy and
exchange interaction. As outlined in appendix A, the depen-
dence of magnon current on the drives is obtained by solving
the Boltzmann equation at short time scales corresponding to
the time ! . The magnon current becomes (appendix A):

jm =

'

BZ

d3k
(2))3 vg f (r, k), (13)

where vg = *k& = 2'k is the group velocity, and f (r, k) is
the distribution function given in the relaxation time approxi-
mation by (appendix A)

f (r, k) = nB(h̄& " µ) + * f (r, k), with (14)

* f (r, k) = "!
"nB

"+

####
h̄&"µ

vg · (h̄*&H "*µ) , (15)

where nB(+) = 1/(exp(+/(kBT)) " 1) is the Bose distribution
function with kB the Boltzmann constant and T the temper-
ature. Retaining only linear contributions, we obtain from
equations (13) and (14):

jm = #Dm|(|h̄µ0*H " #Dm*µ + #2'! |(|µ0!µ*H, (16)
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where

# % "
'

BZ

d3k
(2))3

"nB

"+

####
h̄&s

, (17)

Dm % "4'2!

#

'

BZ

d3k
(2))3

"nB

"+

####
h̄&s

k2
z , (18)

! % 2' h̄
#

'

BZ

d3k
(2))3

"2nB

"+2

####
h̄&s

k2
z . (19)

A comparison of the magnon current expression thus obtained
(16) with its general form (6) enables identi!cation of the dif-
ferent contributions. Further, employing (16) in the magnon
continuity equation (4) leads us to (7) with

vd = 4'!!|(|µ0*H. (20)

In obtaining our result in the form of (7), a small correction
to Dm has been disregarded. Furthermore, the drift velocity
given by (20) that enters the magnon continuity equation (7)
is larger by a factor of 2 compared to the drift velocity that
enters the current density expression (16). This additional con-
tribution results due to the magnetic !eld dependence of Dm

and the consequent term in the divergence of magnon current
density.

Equation (20) is the main result of this section. We note
that the smaller magnon scattering time ! determines the
drift velocity (equation (20)), instead of the magnon decay
time !m. Among the various factors that in"uence drift veloc-
ity, only ! bears a substantial temperature dependence mak-
ing low temperatures favorable for higher drift velocities. In
order to estimate the latter at room temperature, we consider
! , 1, ! = 1 ps [44], h̄|(|/kB = 1.3 K/T [62], h̄' = 8 .
10"40 J m2 [44] and obtain vd , (5 . 10"6 m2/sT)µ0*H.
Here, magnon–phonon scattering is expected to dominate !
which is approximated as the inverse magnon–phonon scat-
tering rate [44]. Thus, rather large magnetic !eld gradients are
required for even modest drift currents.

5. Reciprocal space dependence of dispersion

We now consider a mechanism for drift that emerges from
spatial symmetry breaking in the reciprocal space. This
ensues when the dispersion bears a contribution lead-
ing to the group velocity breaking the spatial symmetry
[28, 29, 32–34, 37, 38, 57]. A prominent example of this are
the chiral modes that live on the sample edges [66, 67, 75–77].
Such modes have previously been exploited in directional ther-
mal transport [31], for example. Their role in in"uencing the
magnon chemical potential can thus also be anticipated. Here,
we restrict our discussion to the thin !lm situation which is
unable to distinguish between the two surfaces of the magnet,
keeping in mind that transport dominated by one surface yields
results similar to our analysis below.

We account for the spatial symmetry breaking in the recip-
rocal space by including a small antisymmetric contribution
to the magnon dispersion &(k) = &s(k) + &a(k), such that

&s("k) = &s(k) and &a("k) = "&a(k). Such contributions
have been theoretically predicted and experimentally observed
in chiral magnets and hybrids [28, 33–36, 38]. The emer-
gence of such a contribution due to the interfacial Dzyaloshin-
skii–Moriya interaction has been found to cause drift and the
consequent control of magnon propagation length in recent
nonlocal experiments [57].

In our theoretical analysis here, we account for the anti-
symmetric contribution perturbatively i.e., we retain terms up
to the !rst order in &a(k) and assume that it does not alter
the symmetric Brillouin zone of the material. The latter
assumption is justi!able when &a(k) = v0 · k is caused by a
spatial symmetry breaking via an interface perpendicular to v0

[28, 30, 33, 38, 57]. This is because an alteration of the spa-
tial symmetry along a speci!c direction should not affect the
Brillouin zone properties along orthogonal directions. How-
ever, this assumption and the following analysis need not be
valid in chiral materials [35, 36] with bulk inversion symme-
try breaking giving rise to &a(k). An analysis of such materials
will be carried out elsewhere.

The magnon current can be evaluated using (13) with
the distribution function in the relaxation time approximation
given by:

f (r, k) = nB(h̄&s + h̄&a " µ) + * f (r, k), (21)

where

nB(h̄&s + h̄&a " µ) , nB(h̄&s) "
"nB

"+

####
h̄&s

µ

+ h̄&a

(
"nB

"+

####
h̄&s

" "2nB

"+2

####
h̄&s

µ

)
,

(22)

* f (r, k) , "!vg · *nB(h̄&s + h̄&a " µ)

= "!
"nB

"+

####
h̄&"µ

(vs + va) · *µ, (23)

where vs,a % *k&s,a(k). Employing the two equations above in
(13) and retaining the lowest order terms, we obtain the desired
general expression for the magnon current given in (6) with:

j0 =

'

BZ

d3k
(2))3

*
nB(h̄&s)va +

"nB

"+

####
h̄&s

h̄&avs

+
, (24)

$m = "!

'

BZ

d3k
(2))3

"nB

"+

####
h̄&s

v2
sz, (25)

#vd = "
'

BZ

d3k
(2))3

*
"nB

"+

####
h̄&s

va +
"2nB

"2+

####
h̄&s

h̄&avs

+
.

(26)

Considering&s(k) = &0 + 'k2 and&a(k) = v0 · k, the expres-
sions above are evaluated as:
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j0 = v0

!
n0 "

#h̄Dm

2'!

"
, (27)

$m = #Dm, (28)

vd = v0 (1 " !) , (29)

where #, Dm, and ! have been de!ned previously in
equations (17)–(19). Further, n0 is the magnon density in
equilibrium given by:

n0 =

'

BZ

d3k
(2))3 nB(h̄&s). (30)

Equation (29) is the desired expression for the drift velocity
and constitutes the main result of this section. The contribution
! has been disregarded in the theoretical analysis of reference
[57] and is signi!cant.

One might consider an alternative approach. The
&a(k) = v0 · k contribution considered in evaluating (29)
effectively shifts the bottom of the parabolic dispersion away
from k = 0. Thus, one could rede!ne a new variable k̃ cen-
tered around the new dispersion minimum, thereby reducing
the problem to the one without the linear-in-k contribution
to the dispersion. This is however not allowed because the
integration is over the !rst Brillouin zone (13). Any change
of variable necessitates modifying the integration domain
in a consistent manner. Hence, it is convenient to not make
a variable substitution and follow our method of separating
even and odd contributions. Further, in contrast with charge
currents, global nondissipative spin currents in equilibrium
are allowed since spin–orbit coupling or similar effects render
spin a non-conserved quantity (e.g., see reference [78]).

The ensuing drift velocity (29) has been plotted against tem-
perature in !gure 3, where ! (19) has been evaluated assuming
a spherical Brillouin zone with radius kBZ de!ned in terms of
the magnon Debye temperature TD assuming a single branch
in the dispersion: h̄'k2

BZ % kBTD. The low temperature limit
of !& 1, which corresponds to a vanishing drift velocity
(!gure 3), has been corroborated via an analytic calculation.
The high temperature limit of ! is evaluated as:

!(T &') , 1 " 2
3t arctan t " 3

, (31)

where t %
,

kBTD/h̄&0 + 1. As shown by the numerically
generated plot of !gure 3, this limit is nearly attained for tem-
peratures comparable to TD and the drift velocity observed at
room temperature is close to this value:

vd , 2
3t arctan t " 3

v0. (32)

Thus, for yttrium iron garnet with the lowest dispersion branch
TD of about 400 K [44, 79, 80], the drift velocity at room tem-
perature is expected to be two orders of magnitude smaller than
v0. With v0 ) 10 m s"1 [38, 57], vd ) 0.1 m s"1 is still large
compared to what we estimate in the previous section from a
reasonable magnetic !eld gradient. Thus, for the mechanism
under consideration, high temperatures are favorable for drift.

Figure 3. Drift velocity vs temperature resulting from an
asymmetric contribution v0 · k to the magnon dispersion (29).
Magnon Debye temperature TD = 400 K and h̄&0/kB = 1 K have
been assumed. The dashed line indicates the asymptotic value
provided in (32).

6. Thermal drive

The mechanisms for spatial symmetry breaking, and conse-
quently drift, considered above may be classi!ed as ‘coherent’
since they stem from altering a single-particle property—the
energy. Now, we consider an incoherent mechanism in the
form of temperature gradient. A spatial symmetry breaking
by a thermodynamic property, such as temperature, describ-
ing the ensemble could also lead to drift. Our consideration
of thermal gradient for effecting drift is encouraged by the
success of thermally driven spin currents in a wide range of
magnetic materials and hybrids [4, 5, 69, 70, 81–90]. However,
our considered in"uence of thermally generated magnon drift
on electrically injected and detected magnon transport is qual-
itatively different from the spin Seebeck effect. For example,
in our considerations, no voltage is detected by the normal
metal electrode if nonequilibrium magnons are not injected
!rst (e.g., see (9)), irrespective of the thermal gradient. Fur-
ther, with the aim of examining drift velocity in the presence
of more than one mechanism causing it, we consider the same
magnon dispersion & = &s + &a = &0 + 'k2 + v0 · k, as we
did in the preceding section.

The magnon current can be evaluated via (13) employ-
ing the usual relaxation time approximation, as described in
appendix A and used in the previous sections. Furthermore,
we continue to assume the magnon and phonon temperatures
to be the same, due to the magnon–phonon thermalization time
being small ()1 ps) [44]. In the present evaluation, the equi-
librium distribution f0(r, k) is assumed to be the Bose distri-
bution function with a spatially homogeneous temperature. In
evaluating the magnon current driven by a constant tempera-
ture gradient, we assume the deviation of temperature from its
assumed equilibrium spatially homogeneous value to be small,
and substitute this deviation to zero in our !nal result. After
lengthy calculations and retaining only the lowest order terms,
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we obtain magnon current density in the form of (6) with:

j0 = v0

!
n0 "

#h̄Dm

2'!

"
" ,*T, (33)

, % "4'2 h̄!
T

'

BZ

d3k
(2))3

"nB

"+

####
h̄&s

k2
z&s, (34)

vd = v0 (1 " !) " "*T, (35)

" % 4'2 h̄!
T#

'

BZ

d3k
(2))3

"2nB

"+2

####
h̄&s

k2
z&s. (36)

Employing the current expression thus obtained in the magnon
continuity equation (4), we obtain the chemical potential
dynamics in the form of (7) with the drift velocity given
by (35).

In obtaining the results above (equations (33)–(36)), we
limit ourselves to linear response considering *T and *µ as
the linear drives. The drift term / µ*T is captured adequately
in this approximation. In considering nonlocal magnon trans-
port, we are only interested in the transport of magnons that
have been injected externally. This means that in our magnon
continuity equation, we should only have terms which vanish
in the limit µ & 0. Our linear response results above natu-
rally yield only such terms. If one goes beyond linear response,
terms which do not vanish in the limit µ & 0 and act as source
or sink of magnons can be expected. However, in the ongoing
analysis, these are neither needed nor can they be faithfully
evaluated.

Equations (35) and (36) are the main result of the present
section and show that the effects of multiple drift mecha-
nisms simply add up in the drift velocity expression. Our
explicit demonstration of this here could be anticipated on
the basis of linear response principles. The parameter " (36)
determines the drift velocity caused by the applied thermal
gradient and has been plotted in !gure 4. Since " scales
as 1/T, it decreases with temperature making low tempera-
tures favorable for thermally-induced magnon drift. Further-
more, ! in the expression for " (36) is not determined by
magnon–phonon scattering, since we assume the magnon
and phonon temperatures to be identical. The time scale !
would have been related to magnon–phonon scattering if we
would consider a thermal gradient in magnon temperature
alone while the phonons would remain in equilibrium. Since
we consider a common temperature gradient for both subsys-
tems, ! is a relatively long time scale governed by scattering
with impurities, among others. The value ! ) 1 ns has been
employed previously [62] in obtaining results consistent with
experiments on yttrium iron garnet, and we adapt this value
here. Thus, employing ! = 1 ns, h̄' = 8 · 10"40 J m2 [44],
TD = 400 K [44, 79, 80], h̄&0/kB = 1 K [44], we obtain
vd = (2 . 10"4 m2 K"1 s"1)*T at room temperature. Thus,
drift velocities comparable to those observed in recent experi-
ments [57] are expected for thermal gradients )1 K mm"1. In
contrast with magnetic !eld, large temperature gradients are
regularly and conveniently generated in labs due to the local-
ized nature of heat generation in solid state systems [5, 81, 82].

Figure 4. Temperature dependence of the proportionality factor !
that relates drift velocity to the thermal gradient (equations (35) and
(36)). TD = 400 K and h̄&0/kB = 1 K have been assumed.

Equipped with the above analysis, we expect temperature gra-
dients to offer a convenient and effective handle of magnonic
drift velocity and thus, the magnon propagation length.

7. Conclusion

Inspired by the corresponding role in electronic spin trans-
port [50] and recent experiments on magnons [57], we have
theoretically examined the role of drift currents in controlling
the magnonic spin propagation length, as observed in nonlo-
cal experiments. Employing a phenomenological description
based on the random walk model [50], we established that
a magnon drift current requires spatial symmetry breaking
in the magnonic description. We further found that it modu-
lates the magnon propagation length, which can be a direct
experimental signature, as established in recent experiments
[57]. Employing the Boltzmann approach, we evaluated the
magnon drift velocity caused by three representative symmetry
breaking mechanisms—magnetic !eld gradient, magnon chi-
rality, and thermal gradient. Using experimentally measured
parameters (which vary considerably among different reports),
we estimate these drives to potentially result in an increasing
magnitude of the drift velocity, with thermal drive potentially
offering the largest values.

Our analysis here assumes a quasi-continuous magnon dis-
persion and evaluates the transport coef!cients, especially the
drift velocity, in terms of the Brillouin zone sum over all
magnon modes. While providing useful general relations, the
present endeavor will bene!t from a more microscopic and
numerical analysis in the future, where a spin Hamiltonian
is instead the starting point. This will be especially impor-
tant for examining the case of asymmetric contribution to the
magnon dispersion with regards to its spatial dependencies
and the Brillouin zone rigidity. On the experimental side, our
analysis anticipates and paves the way for employing ther-
mal drive, and the consequent drift currents, in controlling

7
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the magnon propagation length in nonlocal magnonic spin
transport experiments.
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Appendix A. Formulation of magnon continuity
and constitutive equations

In this section, we derive our general methodology followed in
investigating the magnon chemical potential dynamics. Mak-
ing use of the fact that two very different time scales govern
the magnon number decay and their transport [44], we formu-
late magnon continuity equation at long time scales. On the
other hand, constitutive equations for the system in the form
of current-drive relations are derived by solving the Boltzmann
equation at short time scales [44, 58, 59].

For simplicity, we consider only two time scales that suf-
!ce for the problem at hand. ! is a small time governed by
the magnon number conserving scattering events mediated by
exchange interaction [1, 44], while !m is the magnon density
decay time due to the scattering processes mediated by rela-
tivistic effects, such as spin–orbit coupling and dipolar inter-
actions [1, 44]. The Boltzmann equation is written as [58]:

" f
"t

+ vg · * f =
" f
"t

####
coll

, (A.1)

where f % f (r, k, t) is the distribution function, vg % *k& is
the group velocity, and the right-hand side represents the colli-
sion integral. Within our two-times model, we may express the
collision integral as the sum over magnon-number conserving
term and magnon-decay term [44]:

" f
"t

+ vg · * f =
" f
"t

####
cons

+
" f
"t

####
decay

. (A.2)

To formulate the magnon continuity, we integrate the equation
above over the whole Brillouin zone (BZ):

'

BZ

d3k
(2))3

" f
"t

+

'

BZ

d3k
(2))3 vg · * f

=

-'

BZ

d3k
(2))3

" f
"t

####
cons

.
+

'

BZ

d3k
(2))3

" f
"t

####
decay

,

(A.3)

"n(r)
"t

+ * · jm =

'

BZ

d3k
(2))3

" f
"t

####
decay

, (A.4)

where the magnon density n(r) and current density jm
(assuming that vg does not depend on the spatial coordinate
r) are given by:

n(r) =

'

BZ

d3k
(2))3 f , (A.5)

jm =

'

BZ

d3k
(2))3 vg f . (A.6)

In (A.3), the term in curly brackets vanishes due to its magnon
conserving nature. This part of the collision integral redis-
tributes magnons between different k values but does not
change their total number. Equation (A.4) is our general for-
mulation of magnon continuity, which is nearly assumption
free. Making the relaxation time approximation for magnon
decay via [44]:

" f
"t

####
decay

= " f " nB(h̄&)
!m

, (A.7)

leads us to the continuity equation (4) valid at long time scales
and employed in the main text.

To complete the analysis under a given drive, we need to
evaluate the current density using (A.6) and the Boltzmann
equation (A.2) on short time scales:

" f
"t

+ vg · * f =
" f
"t

####
cons

, (A.8)

where the small magnon decay term is disregarded. We further
employ the relaxation time approximation:

" f
"t

####
cons

= " f " nB(h̄& " µ)
!

, (A.9)

where the assumed µ needs to be determined by solving the
more general spin-continuity equation (4). The relaxation time
approximation is not adequate for capturing certain features
of the collision integral [59, 62, 68]. Thus, we need to vali-
date our results obtained within the relaxation time approxi-
mation against the expected fundamental properties, e.g., spin
conservation on small time scales. In particular, ! should be
considered a phenomenological time scale and needs to be
determined for a given situation based on physical arguments
and comparison with experiments [59, 62]. In steady state,
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the perturbative solution for f using the above equations is
obtained as:

f = nB(h̄& " µ) " !vg · *nB(h̄& " µ), (A.10)

where the right-hand side takes different forms depending on
the drive considered. Substituting the above perturbative solu-
tion to f in (A.6) yields the desired current-drive constitutive
relations for the system.

Appendix B. Nonlocal magnetoresistance and
magnon chemical potential

We now relate the experimentally measured nonlocal magne-
toresistance with the magnon chemical potential and its spatial
evolution within a simpli!ed model. We assume the injector
and detector electrodes to be weakly coupled to the magnet.
This assumption is made to simplify our theoretical analysis
and to ascertain the essential physics quantitatively within a
rigorous model. The experiments like to have a measurable
magnetoresistance which bene!ts from a stronger coupling
between the magnet and heavy metal electrodes. This entails a
more complicated inclusion of the boundary conditions [44],
which can eclipse the key phenomena at play. Hence, our
simpli!ed model clari!es the main qualitative physics and
should be understood in that manner. The terms that result
purely from our boundary conditions should not be relied on
for comparison with experiments. We note that the control of
magnon propagation length (10) does not depend on boundary
conditions.

The key goals and messages of the following analysis are
(i) to justify the boundary condition (8), (ii) to show that
the nonlocal magnetoresistance is proportional to the magnon
chemical potential at the detector location, and (iii) to deter-
mine the magnitude and scaling of the nonlocal magnetore-
sistance. We follow an analysis that has been detailed under
more general conditions elsewhere [44, 91]. Here, for ease of
notation, we assume the injector and detector electrodes to be
identical in terms of materials and physical dimensions.

Under the assumption of small spin conductance of the
heavy metal-magnetic insulator interface, the spin accumula-
tion (in units of energy) generated in the injector electrode by
a charge current density jci driven through it is [44, 92]:

µs,inj = 2e-ls. tanh
!

t
2ls

"
jci % / jci, (B.1)

where - is the spin Hall angle, e is the electronic charge mag-
nitude, . is the resistivity, ls is the spin diffusion length, and t
is the electrode thickness. This injects a magnonic spin current
into the magnet [52]:

Is,inj = gintwL
/
µs,inj " µ

0
, gintwLµs,inj, (B.2)

where gint is the interfacial spin conductance per unit area, w
is the injector width assumed to be much smaller than the spin
propagation length %m, and L is the injector length assumed
uniform throughout the whole device including the magnetic

insulator layer. The approximation above is valid under the
limit gintwL & 0 such that the entire spin potential drops
across the highly resistive interface [44]. Considering that
half of the magnonic spin current injected propagates toward
the positive direction and contributes directly to the magnon
chemical potential gradient, we have derived the boundary
condition (8):

" $m
"µ

"x

####
x=0

= jin =
gintw/

2tm
jci, (B.3)

where tm is the magnet thickness and the injector is assumed
in!nitesimal in size and located at x = 0. This accom-
plishes our !rst goal mentioned above regarding the boundary
condition.

Employing analysis similar to (B.2), we evaluate the spin
current absorbed by the detector electrode as:

Is,det = gintwL
/
µ(xd) " µs,det

0
, gintwLµ(xd), (B.4)

where the detector is assumed to be located at x = xd. Thus,
we see that the spin current absorbed and the detected signal
is governed by the magnon chemical potential at the detec-
tor location: µ(xd), thereby accomplishing our second goal
mentioned above.

Finally, the voltage generated in the detector electrode [93]
due to the absorbed spin current can be evaluated in a manner
which is the reverse process of deriving (B.1). We do not detail
it here, but directly write the result:

Vdet =
/gintL

h̄t
µ(xd). (B.5)

Employing the equations above, we obtain the desired expres-
sion for nonlocal magnetoresistance:

Rnl =
Vdet

Ici
=

2L
h̄

/2

4t2

lp

Dmtm

!
g2

int

#

"
µ̃(xd), (B.6)

where Ici = jciwt is the charge current driven through the injec-
tor, we employed the relation $m = Dm#, and lp is the magnon
propagation length. Here, employing (12), µ̃(xd) is the magnon
chemical potential normalized to its value at the injector
xd = 0 and captures its spatial dependence.

Equation (B.6) accomplishes our third and !nal goal of
establishing the dependence of the experimentally recorded
nonlocal magnetoresistance. The dominant temperature
dependence of Rnl comes from the factor enclosed in brackets
(B.6). It increases with magnon population and temperature
since both gint and # increase with the magnon population.
Hence, the experimentally observed signal diminishes at low
temperatures. Further, gint is unaffected by the asymmetric
contribution to the dispersion considered in section 5 up to
the !rst order in &a, similar to the magnon density (30).
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Linear relation between Heisenberg exchange and interfacial
Dzyaloshinskii–Moriya interaction in metal !lms Nat. Phys.
11 825

[29] Gladii O, Haidar M, Henry Y, Kostylev M and Bailleul M 2016
Frequency nonreciprocity of surface spin wave in permalloy
thin !lms Phys. Rev. B 93 054430

[30] Kim J V, Stamps R L and Camley R E 2016 Spin wave
power "ow and caustics in ultrathin ferromagnets with
the Dzyaloshinskii–Moriya interaction Phys. Rev. Lett. 117
197204

[31] An T et al 2013 Unidirectional spin-wave heat conveyer Nat.
Mater. 12 549

[32] Mook A, Henk J and Mertig I 2016 Spin dynamics simulations
of topological magnon insulators: from transverse current
correlation functions to the family of magnon Hall effects
Phys. Rev. B 94 174444

[33] Moon J H, Seo S M, Lee K J, Kim K W, Ryu J, Lee H W,
McMichael R D and Stiles M D 2013 Spin-wave propaga-
tion in the presence of interfacial Dzyaloshinskii–Moriya
interaction Phys. Rev. B 88 184404

[34] Cortés-Ortuño D and Landeros P 2013 In"uence of the
Dzyaloshinskii–Moriya interaction on the spin-wave spectra
of thin !lms J. Phys.: Condens. Matter. 25 156001

[35] Garst M, Waizner J and Grundler D 2017 Collective spin excita-
tions of helices and magnetic skyrmions: review and perspec-
tives of magnonics in non-centrosymmetric magnets J. Phys.
D: Appl. Phys. 50 293002

[36] Tokura Y and Nagaosa N 2018 Nonreciprocal responses from
non-centrosymmetric quantum materials Nat. Commun. 9
3740

[37] Yu T, Wang C, Sentef M A and Bauer G E W 2021 Spin-wave
Doppler shift by magnon drag in magnetic insulators Phys.
Rev. Lett. 126 137202

[38] Wang H et al 2020 Chiral spin-wave velocities induced by
all-garnet interfacial Dzyaloshinskii–Moriya interaction in
ultrathin yttrium iron garnet !lms Phys. Rev. Lett. 124 027203

[39] Cornelissen L J, Liu J, Duine R A, Ben Youssef J and Van Wees
B J 2015 Long-distance transport of magnon spin information
in a magnetic insulator at room temperature Nat. Phys. 11
1022–6

[40] Zhang S S-L and Zhang S 2012 Magnon mediated electric cur-
rent drag across a ferromagnetic insulator layer Phys. Rev.
Lett. 109 096603

[41] Zhang S S-L and Zhang S 2012 Spin convertance at magnetic
interfaces Phys. Rev. B 86 214424

[42] Goennenwein S T B, Schlitz R, Pernpeintner M, Ganzhorn K,
Althammer M, Gross R and Huebl H 2015 Non-local mag-
netoresistance in YIG/Pt nanostructures Appl. Phys. Lett. 107
172405

[43] Li J, Xu Y, Aldosary M, Tang C, Lin Z, Zhang S, Lake R and
Shi J 2016 Observation of magnon-mediated current drag in
Pt/yttrium iron garnet/Pt(Ta) trilayers Nat. Commun. 7 3–8

[44] Cornelissen L J, Peters K J H, Bauer G E W, Duine R A and
Van Wees B J 2016 Magnon spin transport driven by the
magnon chemical potential in a magnetic insulator Phys. Rev.
B 94 014412

[45] Sinova J, Valenzuela S O, Wunderlich J, Back C H and
Jungwirth T 2015 Spin hall effects Rev. Mod. Phys. 87
1213–60

10

https://doi.org/10.1038/nature08876
https://doi.org/10.1038/nature08876
https://doi.org/10.1038/nature08876
https://doi.org/10.1038/nature08876
https://doi.org/10.1088/0022-3727/43/26/260301
https://doi.org/10.1088/0022-3727/43/26/260301
https://doi.org/10.1088/0022-3727/43/26/260301
https://doi.org/10.1088/0022-3727/43/26/260301
https://doi.org/10.1038/nmat3301
https://doi.org/10.1038/nmat3301
https://doi.org/10.1038/nmat3301
https://doi.org/10.1038/nmat3301
https://doi.org/10.1038/nmat2856
https://doi.org/10.1038/nmat2856
https://doi.org/10.1038/nmat2856
https://doi.org/10.1038/nmat2856
https://doi.org/10.1038/nphys3347
https://doi.org/10.1038/nphys3347
https://doi.org/10.1088/1361-6463/aa5b09
https://doi.org/10.1088/1361-6463/aa5b09
https://doi.org/10.1038/nature05117
https://doi.org/10.1038/nature05117
https://doi.org/10.1038/nature05117
https://doi.org/10.1038/nature05117
https://doi.org/10.1103/physrevlett.112.227201
https://doi.org/10.1103/physrevlett.112.227201
https://doi.org/10.1080/00018731003739943
https://doi.org/10.1080/00018731003739943
https://doi.org/10.1080/00018731003739943
https://doi.org/10.1080/00018731003739943
https://doi.org/10.1103/physrevlett.116.117201
https://doi.org/10.1103/physrevlett.116.117201
https://doi.org/10.1038/nphys3838
https://doi.org/10.1038/nphys3838
https://doi.org/10.1038/nphys3838
https://doi.org/10.1038/nphys3838
https://doi.org/10.1038/s41467-019-10118-y
https://doi.org/10.1038/s41467-019-10118-y
https://doi.org/10.1016/j.physrep.2020.08.006
https://doi.org/10.1016/j.physrep.2020.08.006
https://doi.org/10.1016/j.physrep.2020.08.006
https://doi.org/10.1016/j.physrep.2020.08.006
https://doi.org/10.1126/sciadv.aat1098
https://doi.org/10.1126/sciadv.aat1098
https://doi.org/10.1063/10.0001046
https://doi.org/10.1063/10.0001046
https://doi.org/10.1063/10.0001046
https://doi.org/10.1063/10.0001046
https://doi.org/10.1103/physrevlett.116.146601
https://doi.org/10.1103/physrevlett.116.146601
https://doi.org/10.1103/physrevb.96.020411
https://doi.org/10.1103/physrevb.96.020411
https://doi.org/10.1016/0031-9163(63)90138-0
https://doi.org/10.1016/0031-9163(63)90138-0
https://doi.org/10.1016/0031-9163(63)90138-0
https://doi.org/10.1016/0031-9163(63)90138-0
https://doi.org/10.1016/0038-1098(68)90126-9
https://doi.org/10.1016/0038-1098(68)90126-9
https://doi.org/10.1016/0038-1098(68)90126-9
https://doi.org/10.1016/0038-1098(68)90126-9
https://doi.org/10.1103/physrevlett.102.147202
https://doi.org/10.1103/physrevlett.102.147202
https://doi.org/10.1103/physrevb.89.140405
https://doi.org/10.1103/physrevb.89.140405
https://doi.org/10.1038/s41598-021-95267-1
https://doi.org/10.1038/s41598-021-95267-1
https://doi.org/10.1063/1.3660586
https://doi.org/10.1063/1.3660586
https://doi.org/10.1103/physrevlett.107.197203
https://doi.org/10.1103/physrevlett.107.197203
https://doi.org/10.1103/physrevlett.111.087205
https://doi.org/10.1103/physrevlett.111.087205
https://doi.org/10.1103/physrevb.95.104432
https://doi.org/10.1103/physrevb.95.104432
https://doi.org/10.1038/nphys3418
https://doi.org/10.1038/nphys3418
https://doi.org/10.1103/physrevb.93.054430
https://doi.org/10.1103/physrevb.93.054430
https://doi.org/10.1103/physrevlett.117.197204
https://doi.org/10.1103/physrevlett.117.197204
https://doi.org/10.1038/nmat3628
https://doi.org/10.1038/nmat3628
https://doi.org/10.1103/physrevb.94.174444
https://doi.org/10.1103/physrevb.94.174444
https://doi.org/10.1103/physrevb.88.184404
https://doi.org/10.1103/physrevb.88.184404
https://doi.org/10.1088/0953-8984/25/15/156001
https://doi.org/10.1088/0953-8984/25/15/156001
https://doi.org/10.1088/1361-6463/aa7573
https://doi.org/10.1088/1361-6463/aa7573
https://doi.org/10.1038/s41467-018-05759-4
https://doi.org/10.1038/s41467-018-05759-4
https://doi.org/10.1103/physrevlett.126.137202
https://doi.org/10.1103/physrevlett.126.137202
https://doi.org/10.1103/physrevlett.124.027203
https://doi.org/10.1103/physrevlett.124.027203
https://doi.org/10.1038/nphys3465
https://doi.org/10.1038/nphys3465
https://doi.org/10.1038/nphys3465
https://doi.org/10.1038/nphys3465
https://doi.org/10.1103/physrevlett.109.096603
https://doi.org/10.1103/physrevlett.109.096603
https://doi.org/10.1103/physrevb.86.214424
https://doi.org/10.1103/physrevb.86.214424
https://doi.org/10.1063/1.4935074
https://doi.org/10.1063/1.4935074
https://doi.org/10.1038/ncomms10858
https://doi.org/10.1038/ncomms10858
https://doi.org/10.1038/ncomms10858
https://doi.org/10.1038/ncomms10858
https://doi.org/10.1103/physrevb.94.014412
https://doi.org/10.1103/physrevb.94.014412
https://doi.org/10.1103/revmodphys.87.1213
https://doi.org/10.1103/revmodphys.87.1213
https://doi.org/10.1103/revmodphys.87.1213
https://doi.org/10.1103/revmodphys.87.1213


J. Phys.: Condens. Matter 34 (2022) 295801 S de-la-Peña et al
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