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ABSTRACT

The  anisotropic  spin  splitting  in  unconventional  magnets  opens  new
opportunities  for  realizing  spintronic  functionalities  without  relying  on
net  magnetization  or  relativistic  spin–orbit  coupling.  Here,  we  propose  a
spin valve and a spin transistor based on unconventional p-wave magnets
(UPMs).  The spin  valve  is  realized in  a  junction where  a  normal  metal  is
sandwiched between two UPMs whose exchange-field strength vectors are
oriented  transverse  to  the  junction  direction.  The  conductance  of  such  a
device is governed by the spin alignment between two UPMs: when their
strength  vectors  are  parallel,  the  spin-state  alignment  enables  efficient
electron transmission, leading to a high-conductance state; in contrast, the
antiparallel configuration suppresses the conductance owing to the oppo-
site  spin  orientations.  Furthermore,  the  spin-valve  can  be  extended  to  a
spin  transistor  by  replacing  the  central  normal  metal  with  another  UPM
with  a  longitudinally  oriented  strength  vector  and  a  perpendicular  spin
polarization axis.  The central UPM enables uniform spin precession with
the same precession frequency for all transverse modes. Both devices can
be  electrically  controlled  by  modulating  the  strength  vectors  of  UPMs.
These  findings  establish  UPMs  as  a  promising  platform  for  developing
spintronic  devices  without  net  magnetization  or  relativistic  spin–orbit
coupling.
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 1   Introduction

Unconventional  magnets  (UMs)  [1–11]  represent  the
third distinct magnetic phase that breaks the traditional
dichotomy  between  ferromagnetism  [12]  and  antiferro-
magnetism [13].  UMs are characterized by a directional
spin-split  Fermi  surface  that  lifts  the  spin  degeneracy
analogously to ferromagnets while maintaining vanishing
net  magnetization  in  antiferromagnets.  Based  on  the
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ℓ = 0, 2, 4, 6

Eσ(k) = Eσ(−k) Eσ(k) ̸= E−σ(k)

symmetry  of  the  Fermi  surface  in  momentum  space,
UMs  are  classified  into  two  categories  [9]:  even–parity
magnetic  orders  (e.g., -, -,  and -wave  types)  [7, 10]
and odd–parity magnetic orders (e.g., -, - and -wave
types)  [6, 14–16].  Even-parity  magnetic  order,  corre-
sponding  to  the  degree  or  of  the  exchange
magnetic  field  polynomials  with  momentum  space  as
variables, breaks time-reversal symmetry while preserving
inversion  symmetry.  This  results  in  spin-split  energy
bands  that  satisfy  but .
In  contrast,  odd-parity  magnetic  orders,  corresponding
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ℓ = 1, 3, 5

Eσ(k) ̸= Eσ(−k)

Eσ(k) = E−σ(−k)

to the degree  or  of the exchangemagnetic field
in  momentum,  preserve  time-reversal  symmetry  but
break inversion symmetry. Their band structure is char-
acterized  by  the  relations  and

 [9, 17].

4
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In altermagnets, the even–parity spin splitting underlies
a  variety of  spintronic  and transport  phenomena [4, 5],
including  giant  magnetoresistance  [18],  spin-transfer
torques  [19–21],  spin  filtering  [22–24],  spin  precession
and spin transistor [25],  spin pumping effects [26],  non-
linear  transports  [27],  light–matter  interactions  [28–31],
magneto-optical  effects  [32],  light-induced  spin  density
[30, 31],  non-Hermitian  electronic  responses  [33, 34],
strongly  correlation  in  Mott  insulators  [35]  and  other
novel  phenomena  [36–50, 50–56].  With  all  the  above-
mentioned developments in both theory and experiments
[57–65], altermagnets have been established as a versatile
platform for  generating  and  manipulating  spin  currents
[26, 66–72],  which  can  be  realized  in  a  wide  range  of
representative  candidate  materials  include  RuF  [73],
MnTe [74, 75],  CoNb S  [76],  and RuO  [77],  although
its altermagnetic nature is still under debate [78–81].
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Research  on  odd–parity  unconventional  magnets
remains  comparatively  less  explored,  compared  to  their
well-developed  even–parity  counterparts  discussed
above.  Particularly,  UMs  with -wave  symmetry,
referred  to  as  unconventional -wave  magnets  (UPMs)
[10],  exhibit  momentum-dependent  spin  splitting  and
nonrelativistic  spin–momentum locking.  Thus,  by  effec-
tively  mimicking  spin–orbit  coupling  [82, 83]  and
preserving  time-reversal  symmetry,  UPMs  provide  an
appealing  platform  for  scalable  spintronic  applications
[4, 84–86].  Extensive  efforts  have  been  devoted  to
exploring their normal-state properties [87–90], including
tunneling  magnetoresistance  [15, 91],  orientation-depen-
dent anomalous Hall effects [92], spin-current generation
[17], and non-Hermitian responses [93, 94]. Their super-
conducting counterparts have also attracted considerable
attention,  revealing  rich  phenomena  such  as  tunneling
spin Hall effects [95], transverse spin supercurrents [96],
and  orientation-dependent  transport  in  UPM-supercon-
ductor  hybrids  [43, 97–100],  among  other  phenomena
[89, 99, 101].  On  the  materials  side,  UPMs  have  been
theoretically  proposed  in  compounds  such  as  Mn GaN
and  CeNiAsO  [6],  and  very  recent  experiments  have
reported their realization in thin flakes of NiI  [102] and
metallic  Gd Ru Al  [103].  Notably,  the  demonstrated
ability  to  electrically  switch  the  Néel  vector  in  UPMs
[104, 105] further underscores their potential for spintronic
memory applications [102].

p

Despite  the  above-mentioned  advances,  proposals  for
spintronic  devices  directly  leveraging -wave  magnets
remain  largely  unexplored.  Two  prototypical  spintronic
architectures, the spin valve [106, 107] and the spin field-
effect  transistor  (SFET)  [108–110],  offer  ideal  testbeds
for realizing nonrelativistic, time-reversal-symmetric spin

control.  In  a  conventional  spin  valve  [106, 107],  two
ferromagnetic  layers  can  be  tuned  between  parallel  (P)
and  antiparallel  (AP)  magnetization  states:  conduction
occurs  only  for  spins  aligned  with  the  local  magnetiza-
tion, leading to high conductance in the P configuration
and  suppression  in  the  AP  configuration.  Switching
between P and AP states typically requires an external
magnetic  field  [23].  In  contrast,  an  SFET exploits  spin
precession  [108–110]:  as  electrons  travel  through  the
channel,  their  spins  precess  due  to  spin–orbit  coupling,
and  a  gate  voltage  modulates  the  precession  frequency,
thereby controlling the conductance. Such devices leverage
the  spin  degree  of  freedom  for  information  processing
and  storage,  promising  low  power  consumption,  high
speed, and dense integration [106, 108].

In  this  work,  we  propose  a time-reversal-symmetric
spin  valve  and  a  spin  transistor  based  on  UPMs.  As
illustrated  in Fig.  1,  the  junction  functions  as  a  spin
valve  when  the  two  UPM electrodes  possess  transverse
exchange-field  strength  vectors  and  the  central  region
acts  as  a  normal  metal  (zero  exchange-field  strength).
Under  AP  alignment,  the  conductance  is  strongly
suppressed at  low Fermi  energies,  whereas  P alignment
restores  finite  conductance.  This  arises  from  the
anisotropic spin splitting of the Fermi surfaces along the
transverse  direction:  when  the  Fermi  contours  on  both
sides  are  fully  separated  in  the  momentum  space,  the
junction  behaves  as  an  ideal  spin  valve.  Moreover,
replacing  the  central  normal  region  with  another  UPM
whose strength vector points longitudinally perpendicular
to those in the electrodes converts the device into a spin
transistor. The longitudinally split Fermi surface induces
coherent spin precession across  all  transverse  momenta,
leading  to  oscillatory  conductance  analogous  to  the
Datta-Das  mechanism  [111].  Since  the  magnitude  and
orientation of the UPM strength vectors can be effectively
controlled via electrically tuning of the spin polarization
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Fig. 1  Schematic  of  a  UPM/UPM/UPM  junction.  In  the
left  and  right  leads,  the  strength  vectors  of  two  UPMs  are
along  the  direction,  inducing  a  splitting  of  the  Fermi
surface  along  the  direction.  And  the  spin  polarization  is
along  the  direction.  In  the  central  UPM,  the  strength
vector  is  along  the  direction  and  the  spin  polarization  is
along the  direction, enabling a spin precession.

FRONTIERS OF PHYSICS RESEARCH ARTICLE

085207-2   Ze-Yong Yuan, et al., Front. Phys. 21(8), 085207 (2026)

 



[102],  the  proposed  spin  valves  and  spin  transistors
provide  a  fully  nonrelativistic  route  toward  spintronic
functionality  without  net  magnetization  or  spin–orbit
coupling. The well-separated Fermi surfaces of UPMs, a
feature  also  observed  in  other  unconventional  magnets
[18],  facilitate  high-contrast  switching  in  spin  valves.
Compared  with  other  unconventional  magnets,  the
global shift of Fermi surfaces in UPMs allows for perfect
spin precession in spin transistors.

 2   Model and methods

y

z

x

x

As a unified model for a spin valve and a spin transistor,
we  consider  a  UPM/UPM/UPM  trilayer  junction,  as
shown in Fig. 1. For the left and right UPM leads, the
strength vectors  are  along the  direction and the  spin
polarization  is  along  the  direction.  For  the  central
UPM,  the  strength  vector  is  along  the  direction  and
the spin polarization is along the  direction. The tight-
binding Hamiltonian for the junction is given by [17] 

H = − t0
∑
j

(
C†

jCj+x̂ + C†
jCj+ŷ + h.c.

)
+ 4t0

+
∑
j

{
itx[Θ(x)−Θ(x− Lx)]C

†
jσxCj+x̂ + h.c.

}
+

∑
j

{
i[tyLΘ(−x) + tyRΘ(x− Lx)]C

†
jσzCj+ŷ + h.c.

}
+ U0

∑
j

[Θ(x)−Θ(x− Lx)]C
†
jCj + γ

∑
jx∈{0,Lx},jy

C†
jCj ,

(1)

C†
j = (C†

j↑, C
†
j↓)

j = (jx, jy) x̂ ŷ

x y Θ(x)

t0
tyL tyR

y

tx x

σx σz

U0

γ

where  are  electron  creation  operators,
 denotes  the  lattice  coordinates,  ( )  is  the

unit vector in the  ( ) direction, and  is  the step
function.  Here  denotes  the  nearest-neighbor  hopping
energy,  ( ) is the magnitude of the strength vector
along the  direction in the left (right) UPM lead, and

 is  the  magnitude  of  the  strength  vector  along  the 
direction  in  the  central  UPM.  and  are  Pauli
matrices  in  spin  space.  is  the  on-site  energy  in  the
central  UPM  region,  and  represents  the  strength  of
the interfacial barriers.

y

ky

EF

T (ky, EF )

For simplicity, the translational symmetry along the 
direction is assumed to be preserved and the transverse
momentum  is  conserved.  Within  the  Landauer–
Büttiker  formalism,  the  conductance  at  a  fixed  Fermi
energy  is expressed in terms of the total transmission
probability  [112], 

G = G0

∫
T (EF , ky)dky, (2)

G0 = 2e2Ly/(2πh) Lywhere ,  is  the  width  of  the  system.
The  transmission  probability  can  be  calculated  by  the
lattice Green function technique [23, 113–115] 

T (ky, EF ) = Tr (ΓLG
rΓRG

a) . (3)

Here, 

ΓL/R = i
[
Σr

L/R − (Σr
L/R)

†
]

(4)

are the linewidth functions. The retarded Green function
is 

Gr(E) = [E −HC − Σr
L(E)− Σr

R(E)]
−1

(5)

Ga = [Gr(E)]† HC

Σr
L/R(E)

and ,  where  is  the  Hamiltonian of  the
central  UPM,  the  retarded  self-energies  repre-
senting  the  coupling  with  the  leads  can  be  calculated
numerically by the recursive method [116].

EF

tx Lx γ

In the following section, we investigate the conductance
of  the  junction illustrated in Fig.  1 and its  dependence
on  key  parameters,  including  Fermi  energy ,  UPM
strength , junction length , and interfacial barrier .
By incorporating insights from the Fermi surface, disper-
sion relations, and conductance modulation mechanisms,
we examine the conditions for realizing spin valves and
spin transistors based on UPM junctions.

 3   Results and discussion

In  this  section,  we  propose  two  electrically  controlled
spintronic devices that utilize the anisotropic spin splitting
of UPMs: a spin valve (see Fig. 2) and a spin transistor
(see Figs. 3 and 4). The dependence of the conductance
on  the  strength  vectors  and  the  spin  polarizations  of
UPMs  enables  tunable  spin  and  charge  transport  in
UPM-based junctions,  offering a promising platform for
zero-net-magnetization spintronic applications.

We  start  by  considering  the  Hamiltonians  of  three
regions  of  the  device.  By  applying  Fourier  transforms,
the  low-energy Hamiltonian for  the  left  and right  leads
in the momentum space can be obtained as 

HL/R(k) = t0(k
2
x + k2y) + 2tyL/Rkyσz, (6)

tyL/R py

a = 1

where  denotes the strength of -wave magnetization
in the left (right) lead and the lattice constant is set as

. The Hamiltonian for the central UPM is 

HC(k) = t0(k
2
x + k2y) + 2txkxσx + U0. (7)

(t · k)σ · n t

n

Note that the exchange field in UPMs can be consistently
defined  as ,  where  denotes  the  strength
vector and  represents the spin polarization vector.

The  spin-resolved  band  structures  for  the  two  UPM
leads can be found as 

EL/R = t0

[
k2x + (ky + σαyL/R)

2 − α2
yL/R

]
, (8)

αyL/R = tyL/R/t0 σ = 1(−1)

z

where , and  for the spin-up (-
down) subband with respect to the  direction. For the
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central UPM, the band dispersion is 

EC = t0
[
(kx + σ′αx)

2 + k2y − α2
x

]
+ U0, (9)

αx = tx/t0 σ′ = 1(−1)

x

where , and  for the spin-up (-down)
subband with respect to the  direction.

tx = 0

EF

ky
EF > 0

EF < 0

ky σz

tx = 0

ky

First, we consider a UPM/normal-metal/UPM junction
which acts as a spin valve. To model the central region
as a normal metal,  we set .  According to Eq. (8),
the left and right leads exhibit spin-split Fermi circles at
a  fixed  Fermi  energy ,  with  the  splitting  occurring
along  the  direction,  as  illustrated  in Figs.  2(a)  and
(b).  When ,  the  two  spin-split  Fermi  circles  still
overlap.  In  contrast,  for ,  two  circles  become
completely separated. It is important to note that both
the transverse momentum  and the spin component 
are  conserved  during  transport  when .  Conse-
quently,  a  transport  channel  opens  only  when  both 
and the spin state are matched between the two leads.

tyR = tyL
tyR = −tyL

EF ∈ (−α2
yt0, 0)

αy = |αyL| = |αyR|

We examine both parallel ( ) and antiparallel
( ) configurations of the strength vectors in the
two UPM leads.  In the antiparallel  configuration, when
the Fermi energy lies within the interval ,
with ,  the  two  Fermi  circles  are  spin-

ky
ky

EF > 0

ky

split  in  opposite  directions  along  the  axis  and  are
fully  separated,  as  shown  in Fig.  2(a).  For  a  fixed ,
the spin orientations in the two leads are opposite. This
spin  mismatch  prevents  the  opening  of  any  transport
channel.  Incident  electrons  from  the  left  lead  are  thus
completely  reflected,  resulting  in  zero  conductance,  as
depicted  in Fig.  2(c).  However,  when ,  a  partial
overlap  occurs  between  two  spin-split  Fermi  circles  in
both leads, as shown in Fig. 2(b). Within this overlapping

 region, both spin-up and spin-down states are available
in  both  leads,  allowing  transport  channels  to  open  and
yielding  a  non-zero  conductance.  As  the  Fermi  energy
increases, the overlap area of the Fermi circles expands,
leading to a general increase in conductance, albeit with
slight  oscillations  caused  by  multiple  reflections  at  the
interfaces [23, 24].

ky ky

EF > −α2
yt0

EF ∈ (−α2
yt0, 0)

Conversely,  in  the  parallel  configuration,  the  Fermi
circles in both leads are split in the same direction along
the  axis. For any given , the spin states are identical
in both leads. Transport channels are open whenever the
Fermi energy is above the bottom of the subbands, i.e.,

.  The  significant  contrast  in  conductance
between  the  antiparallel  and  parallel  configurations
within  the  energy  range  enables  a  high
on/off ratio in this UPM-based spin valve, which can be
electrically  controlled  by tuning the  strength vectors  of
the leads.

Unlike  conventional  ferromagnetic  spin  valves  [106,
107],  the  proposed  UPM  spin  valve  exhibits  zero  net
magnetization. Its conductance is governed by the relative
alignment  of  the  UPMs’ strength  vectors  rather  than
macroscopic magnetizations. More importantly, switching
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Fig. 2  (a, b) Spin-split Fermi circles in two leads for the
antiparallel  configuration  at  negative  and  positive  Fermi
energies, respectively. (c) The conductance as the function of
the Fermi energy of the UPM-based spin valve in the parallel
and  antiparallel  configurations.  The  parameters  used  are  as
follows: , , , ,

,  with  the  lattice  constant  and  the
energy unit.
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based  SFET  in  the  antiparallel  configuration  of  two  leads.
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, ,  and ,  respectively.  Different
colors correspond to distinct spin orientations. The parameters
used  are  as  follows: , , ,
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between  parallel  and  antiparallel  configurations  in
conventional  spin  valves  typically  requires  an  external
magnetic field to reverse the magnetization of one ferro-
magnetic lead. In contrast, switching in our UPM-based
spin valve is achieved by electrically tuning the strength
vectors, offering a more practical control mechanism.

x

EF < 0

px

∆kx = 2αx 2αxLx

2αxLx = (2n+ 1)π 2αxLx = 2nπ

n

Second,  we  consider  a  UPM/UPM/UPM  junction
functioning as  a  SFET.  Here,  the  central  normal  metal
is  replaced  by  a  UPM  whose  strength  vector  and  spin
quantum  axis  are  both  along  the  direction.  The
perpendicular  orientation  of  this  spin  axis  relative  to
those in the leads, combined with the longitudinally split
Fermi  circles  (see Fig.  1),  enables  spin  precession  for
incident electrons traversing the central region. Based on
the  tight-binding  Hamiltonians,  we  plot  the  spin-split
band dispersions for each region of the SFET in Fig. 3,
illustrating the preserved time-reversal symmetry. In the
antiparallel  configuration  with ,  the  spins  of  the
occupied subbands are opposite in the two leads, which
would result in zero conductance in a simple spin valve
junction.  However,  the  inclusion of  the  central -wave
UPM, with its longitudinally split subbands and perpen-
dicular  spin  axis  (see Fig.  3),  induces  spin  precession.
According  to  Eq.  (9),  the  wave  vector  difference  is

,  leading  to  a  precession  angle  of .  The
conductance  reaches  a  maximum  [108]  when

 and  drops  to  zero  when ,
where  is an integer.

tx
Lx EF < 0

Figure 4 demonstrates periodic oscillations in conduc-
tance  as  a  function  of  the  UPM  strength  and  the
length  of the central region. For , the conductance

∆kx = 2αx

ky
kx

Lx

tx
tx

minima  can  reach  zero  due  to  perfect  spin  precession
within  the  central  UPM.  A  key  advantage  is  that  the
wave  vector  difference  remains  constant  for
all transverse modes , a consequence of the longitudinal
spin-splitting  along  the  direction.  This  uniformity
ensures  that  all  transverse  modes  precess  at  the  same
frequency,  allowing their  transmissions to vanish simul-
taneously and resulting in a true zero conductance state
– a crucial feature for a high-performance SFET with a
high on/off ratio. This behavior contrasts with the original
Datta–Das  transistor  based  on  Rashba  spin-orbit
coupling [111], where differing precession frequencies for
different transverse modes prevent the conductance from
reaching  zero  in  the  off  state.  As  shown  in Fig.  4(b),
doubling  the  length  halves  the  oscillation  period  of
the conductance versus ,  which is  consistent with the
spin precession analysis. Notably,  can be tuned effec-
tively by modulating the spin polarization via an external
electric  field  [102],  providing  electrical  control  of  the
SFET.

Lx

tx
tx

In addition to the primary spin precession oscillations,
the conductance versus  also exhibits minor oscillations
due to multiple reflections at the interfaces, as shown in
Figs.  4(d)–(f).  These  resonance  transmission  induced
oscillations  are  absent  in  the  dependence  versus 
dependence  because  varying  simultaneously  alters
both the right-going and left-going wave vectors by the
same amount, leaving the resonant conditions relatively
unaffected.

Finally,  we  examine  the  effect  of  interfacial  barriers
on the performance of SFET. Figures 4(c) and (f) show
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Fig. 4  Conductance  oscillations  versus  and  at  negative  Fermi  energies  in  the  SFET.  Parameters  for  (b)  and  (e):
; for (c) and (f): , , ; for (a–f): .
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γthe  conductance  for  varying  barrier  strength .  While
stronger  interfacial  barriers  reduce  the  maximum
conductance,  they  also  smoothen  the  conductance
minima,  which  can  enhance  the  practical  tunability  of
the device. The introduction of elastic impurities in the
central  scattering  region  produces  an  effect  similar  to
that  of  interfacial  barriers  on  the  conductance,  leading
to  a  moderate  suppression  of  the  conductance  maxima
and  a  concomitant  smoothing  of  the  conductance
minima,  with  results  analogous  to  those  presented  in
Figs. 4(c) and (f).

Ln

Ln = 3a

Ln = 10a

To  facilitate  spin  polarization  control  in  a  specific
layer of the heterostructure and to mitigate the influence
of the local electric field on neighboring layers, we insert
buffer layers of width  between the central scattering
region  and  the  two  leads.  As  shown  in Fig.  5,  the
conductance  depends  distinctly  on  the  buffer  layer
width. For a narrow buffer (e.g., ), the maximum
conductance  is  lower  than  in  the  no-buffer  case,  yet  a
high on/off ratio is maintained. This indicates that even
a narrow buffer can effectively suppress interlayer inter-
ference.  In  contrast,  a  wider  buffer  (e.g., )
substantially  increases  the  conductance,  enhancing  the
on-state  performance  at  the  cost  of  a  slightly  reduced
on/off  ratio.  These  results  demonstrate  that  the  buffer
layer design offers a tunable means to balance the mini-
mization of interlayer crosstalk against the optimization
of  conductance.  It  thereby  alleviates  the  difficulty  of
selectively  tuning  spin  polarization  in  a  target  layer
while  containing  the  impact  of  local  electric  fields  on
adjacent regions.

 4   Conclusion

tx Lx

This  work  proposes  two  core  spintronic  devices,  a  spin
valve  and  a  spin  transistor,  based  on  UPMs.  Both
devices  operate  under  time-reversal  symmetry  and
require  neither  net  magnetization  nor  relativistic  spin-
orbit  coupling,  offering  a  distinct  mechanism  for  spin
manipulation. The spin valve effect is achieved by elec-
trically switching the strength vectors of two UPM elec-
trodes  between  parallel  and  antiparallel  configurations.
Conductance is suppressed in the antiparallel state when
two Fermi circles separate in momentum space, yielding
a high on/off ratio. Replacing the central normal region
with an orthogonally polarized UPM converts the device
into a spin transistor.  The longitudinal spin-splitting in
the central region enables uniform spin precession for all
transverse modes, leading to full-conductance oscillations
and a perfectly modulated on/off state – a key advantage
over conventional spin–orbit-coupled transistors. Electrical
tunability  of  the  UPM  strength  vectors  allows  active
control  of  conductance,  as  demonstrated  by  oscillation
periods  dependent  on  and .  Supported  by  recent
experiments on electrical switching in UPMs, these findings
establish UPMs as an integrable platform for low-power,
magnetic-field-free spintronic applications [102].
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