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ABSTRACT: Altermagnetic (AM) materials have recently attracted
significant interest due to their nonrelativistic momentum-dependent spin
splitting of their electronic band structure which may be useful for
antiferromagnetic (AFM) spintronics. So far, however, most research
studies have been focused on conducting properties of AM metals and
semiconductors, while functional properties of AM insulators have
remained largely unexplored. Here, we propose employing AM insulators
(AMIs) as efficient spin-filter materials. By analyzing the complex band
structure of rutile-type altermagnets MF2 (M = Fe, Co, Ni), we
demonstrate that the evanescent states in these AMIs exhibit spin- and
momentum-dependent decay rates resulting in momentum-dependent spin
polarization of the tunneling current. Using a model of spin-filter tunneling
across a spin-dependent potential barrier, we estimate the tunneling
magnetoresistance (TMR) effect in spin-filter magnetic tunnel junctions (SF-MTJs) that include two magnetically decoupled MF2
(001) barrier layers. We predict a sizable spin-filter TMR ratio of about 150−170% in SF-MTJs based on the AMIs CoF2 and NiF2 if
the Fermi energy is tuned to be close to the valence band maximum. Our results demonstrate that AMIs provide a viable alternative
to conventional spin-filter materials, potentially advancing the development of next-generation AFM spintronic devices.
KEYWORDS: Spin filtering, magnetic tunnel junction, altermagnet, insulator, tunneling, spintronics

The field of spintronics exploits the spin degree of freedom
in solid-state electronic devices for information process-

ing and storage1. Spintronics relies on electric currents carrying
spin polarization that is used to detect or control the magnetic
order parameter. Obtaining a sizable spin polarization is
therefore an important aspect of spintronics. One of the
promising approaches to generate highly spin-polarized electric
currents is to employ spin-filter tunneling, where a spin-filter
material, typically a ferromagnetic (FM) insulator, is used as a
barrier in a spin-filter magnetic tunnel junction (SF-MTJ)2.
Spin-filter tunneling is considered as a viable alternative to a
more conventional approach based on magnetic tunnel
junctions (MTJs) which utilize the magnetic alignment of
two FM electrodes to produce a tunneling magnetoresistance
(TMR) effect.3−8

Electron tunneling through an insulating layer can be
understood in terms of evanescent states which represent the
eigen-states of the insulator within its energy band gap.9,10

Their wave functions decay exponentially with a rate κ that is
determined by the complex band structure of the insu-
lator.11−13 In FM insulators, the exchange splitting of the spin
bands leads to a spin-dependent tunneling barrier and hence
spin-dependent decay rates. As tunneling transmission depends
exponentially on the decay rate, electrons are transmitted with
significantly different probabilities depending on their spin
orientation, resulting in tunneling spin polarization14. This
represents the basic idea of spin-filter tunneling.

A Tedrow-Meservey technique of spin-polarized tunneling
into superconductors15 has been first used to demonstrate
spin-filter tunneling in FM Eu chalcogenides, such as EuS16,
EuSe17, and EuO18. More recently, SF-MTJs have been
utilized to explore a spin-filter TMR effect controlled by the
relative magnetization orientation of an FM barrier layer and
an FM counter electrode. Complex FM (or ferrimagnetic)
oxide materials such as CoFe2O4,

19,20 NiFe2O4
21,

NiMn2O4,
22,23 CoCr2O4, and MnCr2O4

24 have been used in
these experiments. Very recently 2D van der Waals materials,
such as CrI3,

25,26 CrBr3
27, and CrCl3

28, have been explored as
magnetic barriers in SF-MTJs. Potentially SF-MTJs may
exhibit much stronger spin polarization (e.g.,29) and TMR
(e.g.,30) compared to conventional MTJs and thus are
interesting for applications.

In recent years, the emphasis of spintronics has been shifted
from ferromagnets to antiferromagnets due to their advantages
such as robustness against magnetic perturbations, absence of
stray fields, and ultrafast spin dynamics.31−35 Especially
interesting appeared to be antiferromagnetic (AFM) crystals
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breaking PT and Uτ1/2 symmetries (where P is space inversion,
T is time reversal, U is spin-flip, and τ1/2 is half a unit cell
translation) and thus producing momentum-dependent spin
polarization, even in the absence of spin−orbit coupling
(SOC).36−45 This subgroup of collinear antiferromagnets is
now known as “altermagnets”.43,44 Due to their spin-polarized
band structure, altermagnets are predicted to exhibit spin-
dependent transport properties46. Particularly interesting are
AFM tunnel junctions (AFMTJs)47 where the Neél vector
orientation controls the TMR effect, as was proposed for
AFMTJs with collinear altermagnetic (AM) electrodes48−54

and predicted55−58 and demonstrated59−61 for AFMTJs with
noncollinear AFM electrodes.

While there has been an extensive endeavor to utilize AM
metals in spintronic devices such as AFMTJs, functional
properties of AM insulators (AMIs) remained largely unex-
plored in the realm of AFM spintronics. It is notable, however,
that among the predicted altermagnets, the majority (around
80%) are insulators62. It is therefore interesting to explore their
spin-dependent properties in view of potential spintronic
applications. One of the emerging questions, in this regard, is if
AMIs could be used as efficient spin-filter barrier materials in
SF-MTJs to generate highly spin-polarized currents and
produce strong spin-filter TMR effects.

In this Letter, we address this question by analyzing the
complex band structure of rutile-type AMIs MF2 (M = Fe, Co,
Ni). We demonstrate that evanescent states in these AMIs
exhibit spin- and momentum-dependent decay rates resulting
in a large momentum-dependent spin polarization of the
electric current tunneling across them. Based on these results,
we estimate the TMR effect in SF-MTJs that consist of two
MF2 (001) barriers whose Neél vector can be switched to be
parallel or antiparallel. We predict a sizable spin-filter TMR
effect of about 150−170% in SF-MTJs based on AMI CoF2
and NiF2. Our results show that AMIs can be efficiently
employed in spintronics as a viable alternative to conventional
FM spin-filter materials.

Owing to the nonrelativistic spin splitting of AMIs, these
materials exhibit evanescent states with different decay rates
κ↑,↓(k∥⃗) for up- (↑) and down- (↓) spin electrons. Their decay
rates depend on the wave vector k∥⃗ = (kx, ky) that is transverse
to the transport direction and conserved in the tunneling
process. Due to the exponential dependence of the trans-
mission probability ∼e−2κ d

↑,↓(k∥⃗)d, where d is the barrier thickness,
the transmitted electrons are spin polarized. We define the k∥⃗-
dependent spin-filtering factor of the AMI barrier as f(k∥⃗) =
κ↓(k∥⃗) − κ↑(k∥⃗), which implies that up- (down-) spin electrons
are transmitted more efficiently across the barrier for positive
(negative) f. For a normal insulator, the spin-filtering factor
f(k∥⃗) = 0 [Figure 1(b)], while for an AMI, f(k∥⃗) ≠ 0 [Figure
1(c)]. If a nonspin polarized current from a normal metal
(NM) [Figure 1(a)] is transmitted across such AMI, it
a c q u i r e s k ⃗ ∥ - d e p e n d e n t s p i n p o l a r i z a t i o n

= = [ ]
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p k f k d( ) tanh ( )e e

e e

k d k d

k d k d

2 ( ) 2 ( )

2 ( ) 2 ( )
, as illustrated in Fig-

ure 1(d). In AMIs which host mirror symmetries, Mx and My,
such as MnF2 (001)63 and CoF2 (001)64, the spin-filtering
factor obeys Mxf(kx, ky) = −f(−kx, ky) and Myf(kx, ky) = −f(kx,
−ky). As a result, f(k∥⃗) and p(k∥⃗) exhibit a d-wave shape with
alternating sign in every quadrant of the (001) two-
dimensional Brillouin zone (2DBZ) [Figure 1(c,d)].

The k∥⃗-dependent spin polarization of AFIs can be used to
achieve spin-filter TMR in SF-MTJs representing two NM
electrodes separated by a composite barrier layer [Figures
1(e,f)]. The latter consists of two AMIs separated by a normal
insulator to magnetically decouple the two AMIs. When the
Neél vector is parallel [Figure 1(e)], the spin-filtering factors
f(k∥⃗) of the AMIs match at each k∥⃗. This allows electrons with
a given spin (either up or down) to be efficiently transmitted
across both AMI layers in those regions of the 2DBZ where |
f(k∥⃗) | is large, thus supporting a large tunneling current. On
the contrary, when the Neél vector is antiparallel [Figure 1(f)],
the spin-filtering factors f(k∥⃗) of the AMIs mismatch. In this
case, those electrons which have been efficiently transmitted
across the first AMI layer are filtered out in the second AMI
layer due to the spin mismatch, thus suppressing the tunneling
current. As a result, the transmission probability TP(k∥⃗) for the
parallel-aligned SF-MTJ [Figure 1(e)] is larger than the
transmission probability TAP(k∥⃗) for the antiparallel-aligned
SF-MTJ [Figure 1(f)]. This leads to a k∥⃗-dependent spin-filter
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k
, and Nk is the number of k-points.

To achieve an efficient spin-filtering effect, AMIs with a large
spin splitting are required to support spin-dependent decay
rates κ↑,↓. Among AMIs, fluoride compounds are reported to
have a sizable spin splitting62. Therefore, to demonstrate the
spin-filtering effect, as representative AMIs, we consider rutile
fluorides MF2 (M = Mn, Co, Ni) whose atomic structure is
shown in Figure 2(a) (space group P42/mnm

65). In these
AMIs, the magnetic moment of the metal atom M1 at the
center of the unit cell is opposite to that of theM2 atoms at the
corners. The Neèl vector is pointing along the [001] direction
in MnF2

63 and CoF2
64, and along the [010] direction in

NiF2
66.

We perform density-functional theory (DFT) calculations of
the electronic and magnetic structure of bulk MF2 crystals, as
described in Supporting Information67. These calculations

Figure 1. (a-c) Schematics of normal metal (NM) with a spin-
independent Fermi surface (a), normal insulator (NI) with zero spin
filtering factor f (b), and altermagnetic insulator (AMI) with a
nonzero k∥⃗-dependent spin-filtering factor. (d) Schematic mechanism
for the k∥⃗-dependent tunneling spin polarization in a tunnel junction
with a NM electrode and an AMI barrier. Block arrows indicate
electric current. Red and blue arrows indicate up and down spins.
(e,f) Schematic of SF-MTJ with a composite barrier which consists of
two AMI layers separated by an NI layer for parallel (e) and
antiparallel (f) Neél vector. Double arrows indicate the Neél vector in
AMIs.
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predict that MnF2, CoF2, and NiF2 have indirect band gaps of
4.14, 4.36, and 4.30 eV, respectively. The magnetic moments at
the Mn, Co, Ni sites are found to be 4.95, 2.90, and 1.78 μB,
indicating a nominal 2+ valence of the M ions with high-spin
states exhibiting d5 [t2g(3↑), eg(2↑)], d6 [t2g(3↑,2↓), eg(2↑)],
and d8 [t2g(3↑,3↓), eg(2↑)] occupancies, respectively. The
calculated band gaps of the MF2 compounds and their
magnetic moments are in good agreement with the
experimental observations63,64,66 and the earlier calcula-
tions.38,62

The magnetic space group of the MF2 crystals has broken
PT o r U τ 1 / 2 s ymme t r i e s a nd e x h i b i t s g l i d e

{ }= ( )G M , ,x x
1
2

1
2

1
2

, { }= ( )G M , ,y y
1
2

1
2

1
2

and mirror Mz

symmetries. In the absence of SOC, these symmetries enforce
spin-degenerate bands at the k-planes invariant to Gx and Gy,
such as kx = 0, π/2 and ky = 0, π/2, whereas spin splitting is not
constrained away from these planes. This is evident from
Figures 2(c-e), showing that the electronic bands of MF2 are
spin degenerate along the Γ-X, Γ-Z, X-M, Z-R, and R-A
directions lying in these glide-invariant planes, while they are
spin-split along the Γ-M and Z-A directions, going away from
these planes. We find a large spin splitting of about 0.44 eV in
the vicinity of the valence band maximum (VBM) for CoF2
[inset of Figure 2(d)], whereas it is about 0.03 and 0.21 eV for
MnF2 and NiF2, respectively [insets of Figures 2(c,e)]. For all
the MF2 compounds, spin splitting around the conduction
band minimum (CBM) is notably smaller than that near the
VBM.

Due to this spin splitting, the k∥⃗-dependent potential barrier
for tunneling up- and down-spin electrons is different. This
leads to spin-dependent evanescent states with different decay
rates κ↑, ↓ for electrons with opposite spins. The evanescent
states in insulators are determined by the complex band
structure in the energy-gap region.11−14 To obtain the complex
band structure, we calculate the wave vector kz parallel to the
transport direction as a function of k∥⃗ and energy E using the
dispersion relation E = E(k∥⃗, kz↑,↓) allowing complex solutions

for kz↑,↓= q↑,↓ + iκ↑,↓. The imaginary part κ↑,↓ is the spin-
dependent decay rate that determines the wave function
∼e−κ d

↑,↓d. The evanescent states with the lowest decay rate are
expected to be most efficient in the tunneling process and
hence control transmission.

Figures 3(a-c) show the calculated complex band structure
of CoF2 (001) at different k∥⃗-points [for MnF2 and NiF2, see

Figures S1(a-c) and S2(a-c)]. These complex bands are
connected to the real bands with the same curvature at the
connecting points due to the analytic properties of the E(k∥⃗,
kz↑,↓) function [Figures S3−S5]. The complex bands at energies
in the band gap of MF2 (001) determine the evanescent states
of interest. It seen that at k∥⃗ = (0,0), i.e. at the Γ̅ point, the
complex bands are spin degenerate [Figures 3(a), S1(a), and
S2(a)], due to the spin degeneracy of the real bands along the
Γ-Z line by symmetry [Figures 2(c-e)]. Away from the Γ̅ point
(and M̅ points) in the 2DBZ, the complex bands are spin-split,
as seen from Figures 3(b,c) for CoF2 and Figures S1(b,c) and
S2(b,c) for MnF2 and NiF2, reflecting the spin splitting of the
real bands away from the Gx,y invariant planes [Figures 2(c-e)].
For example, in CoF2 (001), at E = EVBM + 0.1 eV and k∥⃗ =
(0.3,0.3), the lowest decay rates are κ↑ = 0.36 Å−1 and κ↓= 0.23
Å−1 [indicated by blue and red circles in Figure 3 (b)].

Figures 3(d-f) show the calculated distribution of the lowest
decay rates κ↑,↓(k∥⃗) in the 2DBZ for different energies within
the band gap of CoF2 (001) [for MnF2 (001) and NiF2 (001),
see Figures S1(d-f) and S2(d-f)]. We observe a sizable spin
dependence of κ↑,↓(k∥⃗), especially along the Γ̅-M̅ direction for
energies close to the VBM, e.g. E = EVBM + 0.1 eV [Figure
3(d)]. This reflects a sizable f(k∥⃗) in CoF2 [Figure S6(d)],
exceeding that in MnF2 and NiF2 [Figures S6(a,g)]. For
energies close to the middle of the gap (MG), E = EMG, the

Figure 2. (a) Atomic and magnetic structure of AMI MF2. (b)
Tetragonal Brillouin zone ofMF2 with high-symmetry points and lines
indicated. (c-e) Band structure of MnF2 (c), CoF2 (d), and NiF2 (e)
calculated without spin−orbit coupling. Red and blue curves indicate
up- and down-spin bands, respectively. Zero energy is set to the VBM.
Insets show the band structure in the vicinity of the VBM (−0.5 to 0.1
eV) along the Γ-M direction.

Figure 3. (a-c) Complex band structures of CoF2 (001) as a function
of energy at three different k∥⃗ = (kx, ky) along the Γ̅-M̅ line. (d-f)
Distribution of lowest decay rates for up-spin (upper panels) and
down-spin (lower panels) evanescent states in the band gap of CoF2
(001) as a function of k∥⃗ = (kx, ky) in the 2DBZ at (d) E = EVBM + 0.1
eV, (e) E = EMG, and (f) E = ECBM − 0.1 eV.
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decay rates become nearly spin independent [Figures 3(e),
S1(e) and S2(e)]. This reflects nearly vanishing f(k∥⃗) [Figures
S6(b,e,h)] due to the nearly spin degenerate complex bands at
the midgap energy EMG of MF2 (001) [Figures 3(b), S1(b),
and S2(b)]. For energies close to the CBM, spin dependence
of κ↑,↓(k∥⃗) and f(k∥⃗) is less pronounced than that for the
energies close to the VBM for all three compounds CoF2,
MnF2, and NiF2 [Figures 3(f), S1(f), S2(f), and S6(c-i)]. For
example, at E = ECBM − 0.1 eV, the lowest decay rates in CoF2
(001) are κ↑ = 0.37 Å−1 and κ↓= 0.41 Å−1 [indicated by blue
and red circles in Figures 3 (c)].

The spin-dependent decay rates κ↑,↓(k∥⃗) and nonzero spin-
filtering factors f(k∥⃗) in AMIs MF2 lead to k∥⃗-dependent spin
polarization p(k∥⃗) = tanh[f(k∥⃗)d]. For example, at E = EVBM +
0.1 eV and barrier thickness d = 2 nm, |p(k∥⃗)| is sizable in a
wide region of the 2DBZ [Figures 4(a-c)]. Especially large |

p(k∥⃗)| is in CoF2 and NiF2 approaching 100% at certain k∥⃗ for
energies close to the VBM. We also observe a sizable |p(k∥⃗)| at
E = ECBM − 0.1 eV, though in much narrower regions of the
2DBZ [Figure S7].

The predicted k∥⃗-dependent spin polarization p(k∥⃗) can be
functionalized in SF-MTJs to produce spin-filter TMR [Figures
1(e,f)]. To estimate the TMR ratio, we employ a model of
spin-filter tunneling through a double potential barrier whose
spin-dependent energy profile depends on the relative Neél
vector orientation of the two AMI layers. For simplicity, we
assume k∥⃗-independent conduction channels in the NM
electrodes and ignore contribution from the nonmagnetic
spacer layer separating AMIs. Assuming equal thickness d of
the two AMI layers, we estimate tunneling transmission for
parallel- [TP(k∥⃗)] and antiparallel- [TAP(k∥⃗)] aligned SF-MTJ,
as follows:

[ + ]T k e e e e( )P
k d k d k d k d2 ( ) 2 ( ) 2 ( ) 2 ( )

(1)

[ + ]T k e e e e( )AP
k d k d k d k d2 ( ) 2 ( ) 2 ( ) 2 ( )

(2)

where κ↑,↓(k∥⃗) are lowest decay rates obtained from the
complex band structure. Figures 4(d-f) and 4(g-i) show the
calculated TP(k∥⃗) and TAP(k∥⃗) for E = EVBM + 0.1 eV and d = 2
nm. It is seen that TP(k∥⃗) exhibits a pattern resembling an
overlap of the distribution patterns of κ↑(k∥⃗) and κ↓(k∥⃗) [e.g.,
compare Figures 4(e) and 3(d)]. While TAP(k∥⃗) also exhibits a
qualitatively similar pattern, it features greatly suppressed
transmission in the 2DBZ regions with the strongest contrast
between κ↑(k∥⃗) and κ↓(k∥⃗) [e.g., around the middle of the Γ̅-M̅
lines in Figures 4(g,i)]. Figures 4(j-l) show the calculated k∥⃗-

resolved TMR ratio, =TMR k( )
T k T k

T k

( ) ( )

( )
P AP

AP
, at E = EVBM +

0.1 eV. Giant contributions to TMR close to 104% are seen
from those regions in the 2DBZ where the spin polarization is
approaching 100% [Figures 4(a-c)]. This reflects the fact that
TMR(k ⃗∥) and p(k ⃗∥) are related by Julliere’s formula3,

=TMR k( )
p k

p k

2 ( )

1 ( )

2

2 . Figure 5 shows the total TMR ratio as

a function of the Fermi energy. For all three compounds, we
observe a strong enhancement of spin-filtering TMR at
energies close to VBM with values of about 150−170% for
CoF2 and NiF2.

Our results demonstrate that AMIs MF2 can be used as spin-
filter materials in SF-MTJs provided that the Fermi energy can
be tuned close to the VBM of the AMI. This can be achieved,
e.g., by utilizing polar interfaces which allow varying the band
offset between metals and insulators in a broad range of
energies (see, e.g., refs68, 69.). To magnetically decouple two
AMIs, one can use a nonmagnetic insulator ZnF2 which has the
rutile structure and a very similar lattice constant65.

It is noteworthy that all collinear antiferromagnets that have
been employed so far for spin filtering, such as CrI3,

25,26

CrBr3
27, and CrCl3

28, required a strong magnetic field to
maintain the parallel magnetic configuration in a tunnel
junction. In contrast, our design of a spin-filter MTJ supports
its nonvolatile performance which is favorable for device
application. The Neèl vector of a single AFM MF2 layer can be
switched by putting a conducting heavy-metal layer in
proximity to this insulating layer and by passing a charge
current along it. Due to the spin Hall effect, a spin current
generated by the heavy metal is expected to propagate into the
antiferromagnet producing a spin−orbit torque that can switch
the AFM Neél vector, as has been demonstrated for AMI

Figure 4. Transport properties of MnF2 (a,d,g,j), CoF2 (b,e,h,k) and
NiF2 (c,f,i,l) AMIs at E = EVBM + 0.1 eV. (a-c) k∥⃗-dependent spin
polarization p(k∥⃗) = tanh[f(k∥⃗)d]. (d-i) k∥⃗-dependent transmission
across an SF-MTJ for parallel (d-f) and antiparallel (g-i) Neél vectors.

(j-l) k∥⃗-resolved =TMR k( )
T k T k

T k

( ) ( )

( )
P AP

AP
. In (e) and (h), TP(k∥⃗) and

TAP(k∥⃗) are scaled by a factor of 50 for a better view.

Figure 5. Spin-filter =TMR T T
T

P AP

AP
as a function of the Fermi energy

for SF-MTJs based on MnF2 (001) (a), CoF2 (001) (b), and NiF2
(001) (c).
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FeF2
70. Potentially, the switching speed of the altermagnets can

be much faster than the switching speed of conventional MTJs
based on ferromagnets, thus demonstrating the advantage of
SF-MTJs proposed in this work.

We note that due to the mirror symmetries, Mx and My, the
net tunneling spin polarization =p p k( )k of MF2 (001) is

zero for transport along the [001] direction. To obtain a finite
net spin polarization, layer stacking with a low-symmetry
surface is needed to break these symmetries. This can be
achieved for transport along the [110] direction. Indeed, our
calculations find a large net spin polarization for MnF2 (110) at
E = EVBM + 0.1 eV (Figures S8 and S9), resulting in spin-filter
TMR comparable to that for MnF2 (001) (Figure S10). This
property allows the use of AMIs as FM insulators in SF-MTJs.

Overall, our results indicate that AMIs can be efficiently
employed in AFM spintronics to achieve strong spin-filtering
effects. Using rutile fluorides MF2 (M = Mn, Co, Ni), as
representative examples, we have predicted that these AMIs
exhibit a large k∥⃗-dependent spin polarization when the Fermi
energy is tuned close to the VBM. This property allows
realizing sizable spin-filter TMR in SF-MTJs based on these
AMIs. Apart from rutile fluorides, there are numerous AMIs
which may exhibit similar spin-filtering properties. We
therefore hope that our results will motivate experimentalists
working in this field to verify our predictions.
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