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We provide a theoretical description of diffusive charge and spin transport in hybrid devices
containing altermagnets. Based on recently derived drift—diffusion equations for coupled charge and
spin dynamics and general boundary conditions, our approach provides a unified description of the
spin-splitter effect, i.e., the conversion of charge currents into spin currents, and its inverse in terms
of experimentally accessible parameters. We analyze, analytically and numerically, the spin-splitter
effect, demonstrating that an injected spin accumulation generates a measurable voltage difference
across the transverse direction in the altermagnet. Motivated by a recent experiment, we also analyze
a nonlocal spin-valve geometry in which an altermagnetic strip injects spin into a diffusive normal
metal. We derive the resulting nonlocal voltage detected by a ferromagnetic electrode as a function
of the relative orientation of the Néel vector and the ferromagnetic polarization, accounting for
the main experimental findings. For this setup, we further address spin precession during diffusive

transport by analyzing the spin Hanle effect.

Our results provide theoretical explanations and

predictions for several altermagnet hybrid structures.
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I. INTRODUCTION

Since its prediction [1], altermagnetism has attracted
a great deal of attention in the condensed-matter
community, both theoretically [2-13], experimentally
[14-19], and in connection with superconductivity
[2029].  For further references, we refer to the
reviews in Refs. [30-32] and the references therein.
Altermagnets (AM) are characterized by a vanishing net
magnetization, as in antiferromagnets, while exhibiting a
nonrelativistic spin splitting of their electronic bands, as
in ferromagnets. This unique combination of properties
defines a distinct class of magnetic materials that bridges
the conventional distinction between ferromagnetic and
antiferromagnetic order.

Beyond their fundamental interest, AM have recently
emerged as a promising platform for spintronics
applications, enabling the efficient generation and
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manipulation of spin currents without net magnetization
or stray fields. In particular, the transport properties
of conducting AM provide valuable insight into
their microscopic magnetic structure and underlying
symmetry characteristics. It was predicted in Ref. [2]
that a charge current flowing through an altermagnet
can generate a spin current, in a manner analogous to
the spin Hall effect, but originating from the intrinsic
nonrelativistic spin splitting of the altermagnetic state
rather than from spin—orbit coupling. This phenomenon,
known as the direct spin-splitter effect (SSE), has
been supported by recent experimental observations in
altermagnetic materials [16, 17].

With the exception of a few works (see, e.g., [21,
33, 34]), most theoretical studies of the SSE have
focused on bulk altermagnetic materials. However, it
is important to understand how this effect manifests
in hybrid nanostructures, where either spin or
charge currents are injected and the corresponding
converted signals are detected—a standard strategy
in spintronics. Examples include nonlocal spin-valve

(NLSV) geometries, commonly used to measure
spin currents and spin-relaxation lengths, as well
as spin—orbit-based systems, where spin-to-charge

conversion is detected electrically. More recently, an
NLSV geometry employing an AM as a spin injector
has been used with the aim to directly demonstrate
the time-reversal-symmetry-breaking nature of spin
injection in these materials [35].  Such transport
experiments in realistic materials, i.e. in the presence
of disorder, are most accurately described within a
kinetic-equation-based approach.

In this work, we provide such a description for several
setups and hybrid structures. Our analysis builds
upon the drift-diffusion equations derived in Ref. [21].
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In Ref. [21] these equations were used to provide an
illustrative demonstration of the direct spin-splitter effect
in idealized configurations—such as rectangular stripes
or infinite systems with perfectly transparent interfaces.
More generally, previous studies of the spin-splitter effect
have been restricted to bulk properties and the ballistic
regime[2]. Extending such approaches to realistic hybrid
structures, including spin injectors and detectors as well
as unavoidable disorder, would typically require heavy
numerical computations[34].

By contrast, our formulation provides a controlled
and analytically tractable framework to describe
diffusive transport in complex multiterminal geometries,
incorporating finite interface conductance, disorder, and
spin relaxation. This enables us to capture transport in
terms of a reduced set of phenomenological parameters
and to establish a unified description of both the direct
and inverse spin-splitter effects in metallic altermagnets,
as well as their connection to experimentally measurable
electrical signals.

Within this framework, we analyze the spin-splitter
effect, extending the results of Ref. [21] to non-ideal
contacts. Additionally, we introduce the inverse
spin-splitter effect, by computing the charge current
or voltage induced in an altermagnet when a spin is
injected. We demonstrate that, in a finite altermagnetic
strip, the voltage difference induced across its edges
is proportional to the total spin current injected into
it. Moreover, we analyze the role of finite-size
effects, interface conductance, and spin relaxation, and
establish the connection between the inverse spin-splitter
response and nonlocal spin-transport signals measured in
multiterminal geometries.

The article is structured as follows. First, in Sec. II
we discuss the theoretical framework that we use to
consider transport in altermagnet hybrid structures.
Then, in Sec. III we use these equations to provide a
description of the spin-splitter effect in realistic systems,
including disorder effects and a finite interface resistance.
In Sec. IV we present the inverse of this effect, in
which a transverse voltage can be generated via spin
injection.  Subsequently, in Sec. V we consider the
setup experimentally investigated in [35] and provide
expressions for the nonlocal voltage that arises in this
junction. We conclude our article in Sec. VI with a
summary of the main results and the conclusions we draw
from them.

II. GENERALIZED KINETIC FRAMEWORK
FOR CHARGE AND SPIN TRANSPORT

In this section, we briefly present the generalized
kinetic framework describing the coupled transport of
charge and spin in disordered systems and altermagnets.
It is based on the diffusive formalism developed for
collinear altermagnets in Ref. [21].

In dirty materials the electric potential p and spin

chemical potentials p® satisfy the following diffusion
equations

2090 p + Ok =0, (1)
2V08tﬂz + akj]f,a = _2V0Fab/”'i ) (2)

where 1 is the density of states per spin, which in
altermagnets is guaranteed to be independent of spin,
and T'yp is the spin-relaxation tensor [36]. In an
altermagnet the spin-relaxation tensor is given by 'y, =
T—lﬂNaNb—Fi(éab—NaNb), where 7, is the relaxation time
for spin along the Néel vector IN of the altermagnet and
Ts1 is the relaxation time for spins perpendicular to the
Néel vector. These equations describe the conservation
of charge and spin densities in the diffusive regime,
generalizing the framework to arbitrary dimensionality
and relaxation anisotropy while allowing for a single,
well-defined spin quantization axis.

The corresponding constitutive relations defining the
charge, 7, and spin, j° currents in altermagnets are

Jk = —0pOkp — op N Tj0jpy (3)
jlia = —apﬁkuj - O'DNaTjkaj/.L — O'DNbKjkeabcajui .
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with op = 2Dvg the Drude conductivity, D the diffusion
coefficient, and vy the density of states per spin at the
Fermi level.

The tensors T} and K encode the spin-momentum
coupling intrinsic to altermagnets: T}; represents the
linear coupling between charge and spin gradients
allowed by the underlying crystal symmetry, whereas
K1, describes the interconversion between spin currents
with spin polarizations perpendicular to the Néel vector,
analogous to the spin-swapping effect [37] in systems with
spin—orbit coupling.

The general boundary conditions that complement
Egs. (1)-(4) and govern transport across hybrid
interfaces take the compact
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where Gg = G4+ G| is the total barrier conductance per
unit area, and P = (Gy — Gy)/(G+ + G). Here, 1 and
J refer to the spin polarization of the barrier itself, or to
the spin quantization axis, m if a ferromagnet is one of
the junction electrodes.

Egs. (3)-(5) establish the main equations for
analyzing spin—charge conversion phenomena, such as the
spin-splitter effect (SSE) and its inverse, discussed in the
following sections.

Throughout this article, we consider collinear AMs,
in which the Néel vector IN is homogeneous. In this
case, the spin accumulation is aligned with NN, and
the spin chemical potential can be written as pu; =
Nou®. Since the 7,1, and Kj, terms only affect spin
components perpendicular to the Néel vector, they do



not contribute to the transport equations in this collinear
regime. Thus, we may write a single spin relaxation
time 75. This situation corresponds to the case relevant
for monodomain d-wave altermagnets. In this collinear
regime, the spin-current tensor reduces to a single
component j; = Ngjp,-

Thus, in this case, Egs. (3-4) for the charge and spin
currents reduce to

{jk = —0p (O + Ti;0511°) (©)
i =—0p (Ocp” + Tjr0jp) -

In the remaining sections we will use the above
equations and boundary conditions to describe the
spin-splitter effect, II1, its inverse, IV, and transport in
a non-local spin valve V. To maximize the spin—charge
interconversion, we choose the orientation of the d-wave
“flower”

as shown in Figs. 1 and 3. Generalization to other
orientations is straightforward and will not be considered
here.

III. THE SPIN-SPLITTER EFFECT IN AN
ALTERMAGNETIC STRIP

In this section we analyze the spin—splitter effect
in a diffusive altermagnetic strip. Starting from the
constitutive relations for charge and spin currents, we
formulate the model describing how the spin—-momentum
coupling intrinsic to the altermagnet gives rise to coupled
spin and charge transport under an applied electric bias.
With this, we generalize the results obtained in [21]
for a perfect contact between the altermagnet and the
electrode to the more realistic setting in which there is a
finite barrier resistance. We consider three geometries,
illustrated in Fig. 1: a transverse voltage bias in an
infinite strip (a), a longitudinal electric field configuration
(b), and a finite rectangular sample (c).

A. Altermagnetic strip with a transverse voltage

We first consider the configuration shown in Fig. 1(a):
a two-dimensional altermagnetic (AM) strip infinite
along the x direction and of finite width L, along y.
A transverse voltage £V/2 is applied at the edges y =
+L,/2.

At the AM/normal-metal interfaces, the boundary
conditions for the charge current follow from Eq. (5) and
read

aDnyﬁyu = GB (,Ures - ,u) . (7)
Due to translational invariance along =z, both the

electrochemical potential g and the spin accumulation
1® depend only on the transverse coordinate y. Solving

for p(y) yields

GpV
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The corresponding charge current is

Gp(op/Ly)

“Gp t2on/Ly) ®)

jy =
which reflects a series combination of the two interface
conductances G g and the transverse conductance of the
altermagnet op/L,. At this order, the spin accumulation
vanishes, u® = 0.
According to Eq. (6), a charge current induces a spin
current via the spin-splitter effect,

In the limit of large interface conductance, Gg > op/Ly,
this expression reduces to

Jz =

(11)

]; = 70DTxy

S =

in agreement with Ref. [21].

B. Longitudinal voltage

We now consider a finite AM with rectangular
geometry of length L, and width L,, as shown in
Fig. 1(c). The altermagnet is connected at z = 0
and ¢ = L, to two normal-metal reservoirs biased at
voltages £V/2. The transverse boundaries at y = +L,,/2
are assumed to be insulating for both charge and spin
currents.

Charge and spin transport within the altermagnet are
described by the electrochemical potential u(z,y) and
the spin accumulation p®(z,y). Using the drift—diffusion
framework introduced previously, Egs. (1)-(6), the
coupled diffusion equations take the form

(02 + 07 )+ 2Ty 0pOyp® =0, (12)
(02 + O2)1® + 2Ty D, Oypt = %2 . (13)

In the following, we treat the spin—charge coupling
parameter T, perturbatively and retain only terms up
to linear order in T7,,.

At the interfaces with the electrodes, x = 0, L, the
boundary conditions follow from Eq. (5). For the charge
sector, they read

UDnmaac,u = GB(N!'es - ,UJ) 5 xr = Oa LT ) (14)

whereas for the spin sector (the normal-metal reservoirs
are assumed not to sustain any spin accumulation, pJ., =
0) Eq. (5) yields

oD nxaxus =—-Gp ,us s z=0,L,, (15)
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Figure 1. Model geometries considered for the spin—splitter effect in an altermagnetic (AM) strip. (a) Transverse voltage

bias configuration, where electrochemical potentials £V/2 are applied at the edges y = :I:LQ—y. (b) Longitudinal electric field
configuration, with a uniform field E, applied along the strip axis. (c) Finite rectangular geometry of dimensions Lg X
L,, combining a transverse voltage bias and open lateral boundaries. These configurations serve as the basis for modeling

spin—charge coupling in diffusive altermagnets.

where n, denotes the outward normal to the altermagnet. longitudinal gradient of g induces a transverse spin
At the transverse boundaries y = =£L,/2, the current via the spin-splitter effect. At y = £L,/2 we
y-components of both charge and spin currents vanish. impose vanishing spin current, which according to Eq. (5)

To solve the resulting boundary-value problem, we leads to the following B.C.:
proceed perturbatively in T,,. At zeroth order, the
electrochemical potential follows from the diffusion
equation, Eq. (12), which together with the interface
boundary conditions, Eq. (14), with pyes = £V/2 results
in

GgV
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Up to linear order in T7,, the spin accumulation obeys
the diffusion equation Eq. (13)

 Gp L.
W) = G 20 ( - 2> V. {e 02+ 0 =45 (18)

For highly transparent interfaces, Gp > op/L., this  subject to the boundary conditions, Egs. (15,17).
expression reduces to y =V (x — Ly /2)/L,. The resulting spin accumulation can be written in
According to the previous section, the finite closed form as

J

144 sinh 4 1
s — _ Tz S s .
1o, y) v I, T 905/Ch (Cosh;; +Ly€sn;)k3n
’ - (19)
G L, 2 1 L
- T B T cosh{k:m(x— )} cos[(mWr (y—&—y)} ,
opkm smh(km71') +Gp cosh(kmf’) 2 L, 2
[
where One can verify that in the limit of perfectly transparent

) s interfaces, Gg — 00, Eq. (19) coincides with the result
B2 — =2 4 (2m +1)*m . (20) presented in Ref. [21].
m # L% Another limiting case is the infinite strip in the =z
direction, Fig. 1(b). Because of translational invariance
Equation (19) corresponds to a Fourier mode along z, the spin accumulation depends only on y, and
expansion that automatically satisfies the transverse it is given by the first term in parentheses in Eq. (19):
boundary conditions. The corresponding spatial spin
profile is shown in Fig. 2, illustrating the distribution sinh(y/¢s)
cosh(Ly/20s)

of the spin in the finite AM. 1°(y) = = Toyls By

(21)



where E, is the homogeneous electric field along the
strip, see Fig. 1(b). The spin accumulation at the edges
follows directly from Eq. (21) and is given by

s Ly _ Ly
u (:N:Q) =+T, 0, E, tanh(zgs) .

This spin accumulation can be detected directly
using magnetic electrodes and non-local spin-valve
measurements, as discussed in Sec. V, or indirectly via
SMR-type measurements [17, 38].

(22)

j 0.5

)
5
max | %

x/Ls

Figure 2. Spin accumulation in a finite altermagnetic strip
induced by a longitudinal voltage difference, see Fig. 1(c).
The dimensions of the strip are L, /¢s = Ly /{s = 4. The plot
is obtained from Eq. (19) for Ggls/op = 1.5, illustrating the
spatial profile of the spin accumulation.

IV. THE INVERSE SPIN-SPLITTER EFFECT

Following Eq. (6), the tensor T} enters the expressions
for the charge current and spin current analogously. This
suggests that the spin-splitter effect discussed in the
previous section, in which a voltage generates a spin
accumulation, should be accompanied by a reciprocal
response, the generation of a charge accumulation via
a spin voltage, which we term the inverse spin-splitter
effect.

In this section we analyze the inverse spin—splitter
effect in a diffusive altermagnetic strip.

We consider three spin-injection geometries, illustrated
in Fig. 3: a uniform spin accumulation applied to an
infinite strip (a), spin injection into a finite strip (b), and
a local spin injection in a finite sample (c).

A. Infinite altermagnetic strip

We first consider an altermagnetic strip that is infinite
along the x—direction and has a finite width L, along y, as

illustrated in Fig. 3(a). This configuration is reciprocal
to the one studied in Sec. III: instead of applying an
electric bias, a transverse spin accumulation (or spin
voltage) is imposed at y = L, /2, while charge transport
across the boundaries is suppressed. Such a situation
can be realized, for instance, by spin pumping, or in
nonlocal spin—valve geometries where a pure spin current
is injected into the altermagnet.

Because the system is translationally invariant in the
z-direction, p® depends only on y, satisfying, in the
stationary regime, the spin diffusion equation

S
02 = ’Z—g . (23)
At the upper edge, see Fig. 3(a), y = L, /2, the boundary
condition, Eq. (5), reads
(24)

opnyOyp® =Gp (Vs - ‘LLS)|y:

Ly
2

whereas at y = —L,,/2 we impose a zero spin current, i.e.
Oyp® = 0.
The solution of Eq. (23) together with these boundary

conditions is given by
L,/2
v, cosh (W)

ll's(y> =
oD Ly Ly
14 Gnl. tanh( 7. > cosh( 7.
(25)

According to Eq. (6), the spin current, proportional to
the spin gradient leads to a longitudinal charge current
via the inverse spin-splitter effect:

o = —0pTayOyu’ . (26)

Substitution of Eq. (25), leads to

. Y+ Ly/2
h({Z——2—
opTw, Vi o ( s

L L,\

bs {1 + 7GUBD€S tanh (Kj)] cosh <£Sy>
(27)
The total longitudinal charge current induced by the

imposed spin accumulation is obtained by integration
over y:

Jx(y) =

L'.’J
opTuy Ve cosh ( 7 ) -1
oD

Gl tanh (%) cosh (%)

In the limit of large interface conductance, Gg > op /s,
Eq. (28) simplifies to

Itgs = — (28)

1+

cosh (5”) —1
. L,
sinh <Z)

Let us now assume that the stripe is also finite in the
x direction, as shown in Fig. 3(b). In this case the total

IISS = *GBgsTmy (29)
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Figure 3. Geometries considered for transverse spin injection in an altermagnetic (AM) strip. (a) Uniform spin injection at

the upper transverse boundary of an infinite strip, assuming translational invariance along the longitudinal direction. (b) Spin
injection at the upper transverse edge of a finite strip, with transverse boundaries located at y = =L, /2. (c¢) Spin injection
localized over a finite region of the upper transverse edge of a finite strip.

average current is zero, I, = [dyj, = 0. Hence, from
Eq. (6) we obtain:

1 _ sz s

7 [ avoun =~ o (30)
where Ap® is the difference of the spin in the upper
and lower edges. If we now integrate this equation with
respect to x we obtain the average voltage between the
transverse edges. Up to linear order in 77, we can use
the solution Eq. (25) for ps resulting in:

L
V, coshT: —1

tanh (%) cosh %

(31)
This is the transverse voltage generated by spin injection
in an open geometry. As expected, this corresponds
to the expression for the transverse current Iisg,
Eq. (28), divided by the effective transverse conductance,
O'DLy/Lw.

TyyLe
Ly

Viss = —
0p

Gpls

1+

B. Local spin injection in an altermagnetic strip

Thus far we have only considered geometries in which
the contact between the injector and the altermagnet is
wide, extending along the whole edge. Another geometry
that can be realized is that of a local injector. To
study this type of system, we consider the configuration
illustrated in Fig. 3(c).

Charge and spin transport in the altermagnet
are governed by the same drift-diffusion equations
introduced in the previous sections Eqgs. (12) and (13),
together with the constitutive relations of the model
Egs. (6) and (5). In the present geometry, the essential
new ingredient is the localized character of the spin
injection, which enters through the boundary conditions
at the upper transverse edge of the strip.

05
0 =[x
E

05

-1

-5 0 5
x/ls

Figure 4. Normalized electrochemical potential

wu(z,y)/ max|p| together with the induced charge current
streamlines generated by localized Gaussian spin injection
at the upper edge of a finite altermagnetic strip. Spatial
coordinates are given in units of the spin relaxation length
ls. The parameters used are L/¢s = 10, Ly/¢s = 2 and a
Gaussian injection profile of width W = 0.25/s centered at
z=0.

We consider spin injection through an injector of width
W, implemented with a Gaussian profile of the interface
conductance !, satisfying W < fs, Ly, L,. In this
regime, the injector can be approximated as point-like
and is described by a Dirac d-function in the boundary
conditions.

The boundary conditions along the transverse

! Implementing the local injector with a Gaussian profile improves
the numerical stability, but does not affect the physics, as we
confirm by shrinking its width.
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Figure 5. Induced inverse spin-splitter voltage Viss as

a function of the transverse strip length L,. Symbols
correspond to the numerical results obtained from the
full diffusive calculation, while the solid line shows the
semi—analytical prediction given by Eq. (35). Parameters
used are GgW/op = 0.15, Ty = 1, and L, /¢s = 40.

direction read

Oy’ + Tmyamu|w7y:_Ly 52 =0, (32)

op(Oyp; + TipyOzpr) |x,y:Ly/2 =
L (33)
G W 3(x) (Ve — (e, 51) -
Here, W is the effective width of the injector and V;
is the applied spin voltage. The Dirac delta explicitly
encodes the localized nature of the injection, while the
term proportional to p? accounts for the back-action of
the induced spin accumulation at the interface.
At z = +%2 we impose vanishing currents normal to

2
the interface,

L, L,
&cui(i?, y) + Txyayu(i7, y)=0. (34)

Although a closed analytical solution for the full
spatial profiles u(x,y) and p?(x,y) is not available, an
analytical expression for the ISS-induced voltage along
the z-direction can be obtained by focusing on the spin
accumulation averaged over the entire sample area. As
shown in Appendix A2, the induced voltage can be
written as

L, L,
Viss = T 3 o) o (32) (39

where (us) denotes the spin potential averaged over the
full two-dimensional geometry of the altermagnetic strip.

To evaluate (us), we integrate the diffusion equation
for pZ over the entire spatial domain and make use of the
boundary conditions Egs. (32) and (33). This yields, to

lowest order in T, (see Appendix A1 for details),

_ GpWe

)= MR W 0.5 e

2

Let us consider the case in which the interface
conductance is small GgW < op. Since u,s vanishes
in the absence of the electrode, the term GgW uZ(0, %)
contributes only at order O((GgW/op)?) in Eq. (36) and
can therefore be neglected at leading order. With this,
Eq. (36) reduces to (see Appendix A1 for details)

2G5 W (2
(ps) ~ oLl V. (37)

Together with Eq. (35), this provides a closed-form
expression for Vigg in the weak-coupling regime.

To validate the analytical result and characterize the
full spatial response, Eqs. (12) and (13) are solved
numerically together with the boundary conditions
Egs. (32) and (33). The numerical solutions yield the
stationary profiles of u(z,y) and p?(z,y), from which
the induced charge current density is reconstructed.

Figure 4 shows the electrochemical potential u(zx,y)
together with the corresponding charge current
streamlines. Three distinct current loops emerge
as a consequence of the anisotropic transport tensor of
the altermagnet combined with the localized nature of
the spin injection, providing a clear manifestation of
the inverse spin—splitter mechanism. Such current loops
have also been obtained in Ref. [34] in other setups, for
which the authors claim they can be measured using
magnetometry techniques. Here, in contrast, we focus
on electric measurements of the transverse electrical
signals in conventional transport experiments using
multiterminal devices.

The inverse spin—splitter voltage is obtained from
the numerical solution as the difference between the
electrochemical potentials averaged over the transverse
direction at the two lateral edges of the strip. The
resulting Vigg is shown in Fig. 5 as a function of
the transverse length L,.  Symbols correspond to
the numerical results, while the solid line represents
the analytical prediction derived within the first-order
expansion in the barrier conductance G g in Egs. (35) and
(37). The agreement demonstrates that the leading-order
analytical treatment accurately captures the essential
features of the inverse spin—splitter effect induced by
point-like spin injection.

In short, the results presented in this section
establish the inverse spin—splitter effect as the reciprocal
counterpart of the spin—splitter effect discussed in
Sec. III. In both cases, the conversion mechanism is
governed by the same nonrelativistic spin—momentum
coupling intrinsic to the altermagnetic state and does
not rely on (relativistic) spin—orbit interaction. The
analytical and numerical results obtained for extended
and localized spin injection geometries demonstrate



that the inverse response is robust against details
of the injection profile and interface transparency,
providing a consistent and experimentally accessible
signature of altermagnetic spin—charge conversion in
hybrid nanostructures.

V. HYBRID MULTI-TERMINAL SETUPS

In the previous sections, we analyzed how charge—spin
interconversion arises in altermagnets within a
generalized drift—diffusion framework. In this section,
motivated by the recent non-local spin-valve experiment
reported in Ref. [35], we study how this conversion
manifests itself in hybrid multi-terminal transport
geometries. In particular, we show that a charge current
flowing along an altermagnetic strip generates a non-local
electrical signal in an attached normal metal through
spin injection mediated by the spin—splitter effect. The
magnitude and sign of the resulting non-local voltage
are controlled by the orientation of the Néel vector,
establishing a direct connection between altermagnetic
order and non-local spin transport.

Figure 6. Hybrid nonlocal spin valve. A finite altermagnetic
strip injects spin into a diffusive normal metal, which is
electrically detected by a ferromagnetic (F) electrode. The
induced spin can be rotated by an external magnetic field B

We consider a typical non-local spin valve [39-41]
shown in Fig. 6, consisting of a diffusive normal
metal (NM) attached to an altermagnetic strip and a
ferromagnetic detector. In the configuration considered
here, the driving charge current flows exclusively along
the altermagnetic arm, while the normal metal and
ferromagnetic electrodes act solely as spin transport and
detection elements. When a charge current flows along
the AM arm, a transverse spin current is generated
via the spin—splitter effect discussed in Section III.
This spin current is injected into the NM and diffuses
over the spin diffusion length, which in metals such as
Cu can reach micrometer scales. The resulting spin
accumulation is detected electrically by a ferromagnetic
electrode placed at a distance from the injector. The
geometry corresponds to the one of the electrical bias
geometry of a recent experiment reported in Ref. [35]. In
what follows, we compute the resulting non-local voltage

signal. In addition to the zero-field configuration, we also
consider an external magnetic field applied along the NM
wire, which induces spin precession and gives rise to a
Hanle-type response.

In the stationary diffusive regime, spin transport in the
NM is governed by

s 2

P~ xBxp)=0, (38)
Inm
where p® = (u3, piy, p3) denotes the spin accumulation
and £z is the spin diffusion length in the normal metal.
The parameter x = gup/D depends on the effective
gyromagnetic factor g, the Bohr magneton pp, and the
diffusion constant D of the normal metal.
The spin injected from the altermagnet is polarized
along the Néel vector N of the AM,

Ban = pam IV (39)

Here pi3 ) is the spin accumulation at the edges of the
AM strip induced by the charge current in the AM, and
given by Eq. (22). Spin injection across the AM/NM
interface is described by the boundary condition

— g =G (Ham — 1°) ; (40)

=0

where G denotes the interface spin conductance.
Solving the diffusion equation with the boundary
condition above yields the spin accumulation in the NM,

o Gp+ona
+ N x Be % sin(fx) (41)

+Bx (N xB)e o cos(ﬁm)} )

() PN BB et

where B = B/|B|, oy is the conductivity of the
normal metal, and « (8) is the real (imaginary) part of
V1/0 s +ixB.

A ferromagnetic detector placed at position z = L
measures the non-local voltage [42, 43]:

Vir(m) = Vo + Puy(L) -m, (42)

where Vj is a spin-independent voltage, and P is the
polarization of the F detector whose polarization is
parallel to the unit vector m.

The relevant observable is the voltage difference,

AVyp = V(m) — V(—m), measured for opposite
orientations of the detector magnetization. From
Egs. (41) and (42) we obtain:
2P Gppim . B2~ L/t
AV = ———22 m - [ N - -B)B /ENM
NI (Gp+ona) - |( )Be
+N x Be *Fsin(8L) (43)

+Bx(N x B) e~ cos(BL)} .



Let us first analyze the case of a zero Hanle field. After
substitution of Eq. (22) for u2M we obtain:

2PGp
AVp = 2 BTy bt - Ne~ L/t (44
NL (G +ona) ¥ s T ¢ (44)
Thus, the non-local voltage is proportional to the

altermagnetic tensor T, and maximized when the Néel
vector of the AM is collinear to the magnetization of the
FM.

1 T T r

— Lftyu =1
——L/tyy =2
0.5 L/tyy =414
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=
<
0.5 ]
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Figure 7. Normalized nonlocal voltage AV/AVyax as a

function of xB{4 ,; for different injector-detector separations
L/¢nm = 1,2,4. The curves are obtained from the
general expression for the nonlocal signal, evaluated for a
magnetic field applied along the z direction and a detector
magnetization oriented along the y axis. The Néel vector
is chosen in the plane perpendicular to the field, with
components N, = cos@ and Ny = sin6, using 6 = w/4. The
simulation is performed in dimensionless units with {ya =
1, so that the magnetic field dependence enters exclusively
through the combination x B3 ;.

For a finite field, we consider as an illustrative example
an external magnetic field applied along the z axis,
B = BZ, while the magnetization of the ferromagnetic
detector is oriented along the transverse y direction,
m = g. In this case, we obtain

2P Gppiam

A =
Ve (GB —|—0Na)

e—aL |:N1, SlH(ﬁL) (45)

+ N, cos(ﬂL)} .

Figure 7 shows the corresponding nonlocal Hanle
curves obtained from Eq. (45) for this particular
geometry, highlighting the precession and dephasing of
the spin accumulation generated by the altermagnet as
the magnetic field is varied, for different injector—detector
separations.

VI. CONCLUSIONS

Building on a kinetic-equation approach, we formulate
coupled drift—diffusion equations to describe charge and
spin transport in hybrid devices containing altermagnetic
materials.

We first analyze the spin-splitter effect, namely
the conversion of charge currents into spin currents,
in diffusive altermagnetic strips for several device
geometries. We then investigate the reciprocal
phenomenon—the inverse spin-splitter effect—where
an injected spin accumulation generates a transverse
electrical response in the altermagnet. For both extended
and localized spin injection, we derive closed-form
expressions for the induced voltage in the weak-coupling
regime and validate them through numerical solutions of
the coupled diffusion equations.

Motivated by a recent experiment, we also apply
our theoretical framework to hybrid multiterminal
geometries in which an altermagnetic strip acts as a spin
injector for a diffusive normal metal. We demonstrate
that the spin accumulation generated by the spin-splitter
effect in the altermagnet and injected in to the normal
wire, can be efficiently detected using a conventional
ferromagnetic electrode in a nonlocal configuration. The
measured nonlocal voltage is proportional to the scalar
product of the Néel vector of the altermagnet and the
polarization of the ferromagnetic detector.

Finally, we analyze the effect of an external
magnetic field in the same geometry. The resulting
Hanle-type signal exhibits the characteristic oscillatory
behavior associated with spin precession during diffusive
transport, providing another direct electrical probe of
spin injection from altermagnets.

Our theory establishes altermagnets as robust and
electrically controllable sources of spin in multiterminal
spintronic devices and can be straightforwardly adapted
to a wide variety of hybrid structures combining
altermagnets, normal metals, and ferromagnets.
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Appendix A: Derivation of the inverse spin—splitter
voltage for point-like spin injection

In this Appendix we outline the derivation of Eq. (36),
for the average spin accumulation in the setup, its
expansion to first order in GgW/o, Eq. (37), and Eq. (35)
for the inverse spin—splitter voltage Visg induced by
a localized spin injection at the boundary of a finite
altermagnetic strip.

We consider a two-dimensional altermagnet occupying
the region z € [-4z, Le] and y € [—%, %] To leading
order in the spin-momentum coupling 73,, charge and
spin potentials obey the kinetic diffusion equations,

Egs. (12,13) in the main text, which read

(02 + 02+ 2Ty 0 Oyp® = 0,

s p
(02 + O u® + 2Ty 0Byt = 55

S

where /s = /D is the spin relaxation length.

Spin is injected locally at the upper boundary y =
% through a narrow contact of width W < £, Ly ,,
which we approximate using a §-function. The boundary
conditions, Eqgs. (33,32,34), for the spin sector read

L

10

T.y, Eqs. (A2-A5) read

Ty
s_ Lo
aylis(x,*%):(), (Ag)
si Ly s Ly
ap(Oyn* (@, 51) = 2Gs Wo(x) [Va — (2, )]
(A10)
Ly

because p is already proportional to T, as seen from
Eq. (A1). The spatially averaged spin accumulation is
defined as

1
L.L,

W= [ e [ dvey. (an)

Exploiting Eqgs. (A8-A11) and applying Gauss’ theorem,
we find

L
s Eg % Ty S
(w) = L.L, /_L;da;/_zydy (Opa + Oyy)p* (z, )

2

= gs / dlnk;ak;,us
LmLy edges

e 5 GB . L,
-5 /_L;deUJDWé(x)[VS )
_ 2GEW 2 L
= Snh, Ve n 03] (A13)

This corresponds to Eq. (36) in the main text.
Next, we consider its weak-coupling limit and derive

Oyt® (2, —?y) +T,y0:0 =0, (A3)  Eq. (37) in the main text. In the weak-coupling limit
I Gp < op/ls, the spin accumulation at the injection
s Y _ s Yy 2
op(Oyp’(z, 7) + TyyOupt) = 2GW 6(x) [V& - p¥(, 7)] » point 1*(0, %) contributes only at order (9( (%) )
(Ad) and can therefore be neglected at leading order. This
sy Lo yields
Oupt* (22 ) + Ty Dyt = 0. (A5)
2G W (2
() ~ % Vs (Al4)
Charge currents vanish at all boundaries, that is, DL by
This corresponds to Eq. (37) in the main text.
L 2. Inverse spin—splitter voltage
Opl, £°2) =0 (A7) pmTep &

1. Spatially averaged spin accumulation

We treat the system perturbatively in T,. First, we
consider only p® and derive Eq. (36). To first order in

Next, we consider the electrochemical potential 1 and
use it to derive Eq. (35). To first order in Ty, u
is spatially constant in the absence of injected charge
currents. At this order, p satisfies Egs. (Al, A6, A7),
with the spin accumulation p® evaluated at first order in
Ty

The inverse spin-splitter voltage is defined as the
voltage drop along the transverse x-direction, averaged



over the longitudinal direction y,
Ly Ly
1 2 2
Viss = — dux dy Oxpu(z,y) - (A15)
Ly e Sty

To obtain a closed expression for Vigg, we exploit
current conservation. In the steady state, the charge
current density satisfies Oyjr = 0. Since no charge
current enters or leaves the system, the charge current
integrated over the y-direction must vanish, yielding

Ly

0= /_zy dy (amu+Tmyaym) .

2

(A16)

The second term can be evaluated explicitly, leading
to

89:/ Ly dy u(%y) = —Tmy[us(l',%) _us(x’_%)] ’

(A17)
A further integration over x then yields
T 5
Viss = — 7~ / _da [y, Loy - pd(z,—5)] . (A18)
Y — =z

To proceed, it is convenient to express Eq. (A18)
in terms of the spin accumulation integrated along the
transverse direction. We therefore define

Lo
L= [ | dope). (A19)
In terms of I, (y), Eq. (A18) becomes
— Twy Ly Ly
Viss = Ty |:IZ(7> Iz( 7)} . (A20)

The spin accumulation p® obeys the diffusion equation
Eq. AS.

Integrating this equation over = € [—L,/2, L, /2] and
using the boundary conditions of vanishing spin current

11

at x = £L, /2, one finds that I,(y) satisfies the effective
one—dimensional equation

(A21)

The general solution of Eq. (A21) reads

y+ g y+ g
Im(y):Acosh< 7 2 ) +Bsinh< 7 2) , (A22)

S S

where A and B are constants fixed by the boundary
conditions in the y-direction. At the lower boundary
y = —L,/2, no spin current is injected, implying

0,1, (—%) ~0. (A23)
This implies B = 0. At the upper boundary y = +L, /2,
the point-like spin injector leads to

L, 2GpW sin L,
OL(%) = "2V 0 )] (A29)
Thus,
1 2GpWi,
A= Z— [V, - p*(0,5)] . (A25)
. L o
sinh (Tj) D
Using the relation between the injected spin
accumulation and its spatial average, Eq.(A13),
2G W 12 L
)= : s * 77y ’ A2
) = T Ve (0, )] (A20)
we find
1 L,L,, .
A= L) (A27)

sinh (%‘) ls
Evaluating the solution (A22) at y = +L, /2, one finds

Jgp(%) _195(_%) - sz%mtanh(;;) . (A28)

S

Finally, substituting this result into Eq. (A20), we
obtain

L L
Viss = _Twy Tx <,US> tanh( y) 5

A2
) 50, (A29)

which is Eq. (35) in the main text for the inverse
spin—splitter voltage generated by a point-like spin
injector.
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