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Motivation
• A spin-valve device usually consists of two ferromagnetic (FM) thin films separated by a nonmagnetic spacer. The 

electron-transport properties of such a device depend on the relative orientation of magnetization in the individual 
FM layers. 

• For current passing perpendicular to the FM layers, the majority-spin states are conductive, while the minority-spin 
electrons are reflected or spin-flip scattered due to the lack of empty electronic states. As a result, if the magnetic 
alignment of magnetic layers is parallel, the total conductivity through the device is mostly determined by the spin-
up channel.

• Spin valves have found application in information storage, logical devices, and magnetic sensors [1–9].  
• With the emergence of two-dimensional (2D) materials, they are being proposed as building blocks for spin-valve 

devices. Recently, some vertical spin valves based on thin FM layers and 2D spacers were fabricated [1,10,12]. 
• Another milestone in the field was set by the discovery of 2D ferromagnets [12]. CrI3 was the first magnetic 2D 

material, with a Curie temperature of 45 K [13]. 

Method
• The first-principles electronic structure calculations performed in this study are based on Density Functional 

Theory (DFT). The projected augmented-wave method [14,15] is used as implemented in the Vienna ab initio 
simulation package (VASP) [16,17]. 

• To capture the effects of strong electronic correlations, we use the DFT with Hubbard U parameter (DFT + U) 
method [18,19], applying the effective on-site Coulomb repulsion to the d orbitals of Cr atoms. Electronic transport 
properties are calculated within the semiclassical Boltzmann transport theory with use of the BOLTZWANN code 
[20] in conjunction with the WANNIER90 code [21] used to interpolate the band structure by means of the 
maximally localized Wannier functions [22,23]. 

Model

Goals of This Study
• We study the electronic, magnetic, and transport properties of a CrN based spin 

valve.
•  We consider two hexagonal CrN monolayers separated by a blue-phosphorus 

insulating spacer, which is perfectly commensurate with the CrN structure.

The interaction between the spins is modeled according to the classical Heisenberg 
Hamiltonian
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V is the unit-cell volume, and τ is the relaxation time. In all
transport calculations, the relaxation-time approximation
is used, with the constant relaxation time set to τ = 10 fs,
and room temperature, T = 300 K, is used. For 2D struc-
tures the unit-cell volume is ill-defined due to the vacuum
size along the z axis. For comparison, we normalize the
conductivity to the effective slab thickness, which is 1.4 Å
for monolayer CrN and 8.16 Å for trilayer CrN/P/CrN.

The interaction between the spins is modeled according
to the classical Heisenberg Hamiltonian:

H =
!

i,j

Jij Si · Sj +
!

i

Ai(Si · zi)
2, (5)

where Jij ≡ J (Rij ) is the exchange interaction between
spins Si and Sj , Ai is the single-ion anisotropy at spin Si,
and zi is the unit vector pointing in the direction of the
easy-magnetization axis. The second term on the right in
Eq. (5) is crucially important for the stabilization of mag-
netic order in two dimensions [53,54]. To investigate the
thermal stability of magnetic order, we estimate the Curie
temperature TC for monolayer CrN and its heterostruc-
tures. Following Refs. [55,56], we use the random-phase
approximation to estimate the Curie temperature within
the Heisenberg Hamiltonian. In the simplest case of a
single sublattice and FM ground state, the corresponding
expression is

kBTC = 2
3

S+ 1
S

"
1
"

#
dq N−1(q)

$ −1

, (6)

where " = 4π/
√

3a2 is the Brillouin-zone area and
N (q) = $ + J (0) − J (q) is the spin-wave energy, with

J (q) being the Fourier transform of J (Rij ), and $ =
AS2 is the magnetocrystalline anisotropy. By expanding
the spin-wave energy up to the second order in q, that
is, $ + J (0) − J (q) → $ + 3

2 q2a2J , and assuming that
the Brillouin zone has a circular shape, we arrive at the
following formula for the Curie temperature:
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√
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which is applicable to hexagonal single-sublattice 2D fer-
romagnets.

III. RESULTS AND DISCUSSION

A. Electronic properties and magnetic stability of
monolayer CrN

Monolayer CrN has a hexagonal crystal structure (point
group C3v) with the relaxed lattice constant a = 3.26 Å,
and a negligible buckling, which can be ignored as it has a
vanishing effect on the electronic structure.

We first consider the electronic and magnetic proper-
ties of isolated monolayer CrN. Its ground state is FM
with the magnetic moments M = 3.0µB localized on Cr
atoms, which corresponds to spin S= 3/2. To estimate
the magnetic stability, we determine the exchange inter-
actions defined in terms of the Heisenberg Hamiltonian
[Eq. (5)] with only nearest-neighbor interactions taken into
account. To this end, we calculate the total energies of two
distinct magnetic configurations: collinear FM and non-
collinear 120◦ Néel states (see the insets in Fig. 1 for spin
distributions). In both cases the lattice symmetry remains
unchanged.

(a) (b)

FIG. 1. (a) Energy difference between the FM and Néel states in single-layer CrN calculated per Cr atom as a function of the Hubbard
U parameter. (b) The magnetic anisotropy energy ($) calculated per Cr atom as the difference between the out-of-plane and in-plane
FM configurations in single-layer CrN for a series of Hubbard U parameters. The insets show the alignment of spins for the different
magnetic configurations.
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where Jij ≡ J (Rij ) is the exchange interaction between spins Si and Sj , Ai is the 
single-ion anisotropy at spin Si, and zi is the unit vector pointing in the direction of the 
easy-magnetization axis. To estimate the Curie temperature TC  for monolayer CrN 
and its heterostructures, the random-phase approximation [24] is considered within 
the Heisenberg Hamiltonian.
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where �  is the Brillouin zone area and N(q) = ︎ + J(0) − J(q) is the 
spin-wave energy, with J (q) being the Fourier transform of J (Rij ), and ︎  is 
the magnetocrystalline anisotropy. By expanding the spin-wave energy up to the 
second order in q, we arrive at the following formula for the Curie temperature: 

Ω = 8π2/ 3a2

Δ = AS2

Erratum: Lateral spin-valve based on two-dimensional CrN/P/CrN heterostructure
[Phys. Rev. Applied 11, 064015]

M. Modarresi, A. Mogulkoc,⇤ Y. Mogulkoc, and A. N. Rudenko
(Dated: May 21, 2020)

In the original paper, the Curie temperature (TC) was
not calculated correctly. In this Erratum, we would like
to provide a correction to the published results.

First, the energies of the 120o Néel magnetic state pre-
sented in Fig. 1(a) of the original paper was calculated
using a wrong magnetic configuration. The revised data
is shown in Fig. 1 of this Erratum.

Second, an incorrect expression for the Brillouin zone
area was used in Eq. (6) of the original paper when calcu-
lating TC . The correct area should read ⌦ = 8⇡2/

p
3a2.

This leads to the following modification of the final ex-
pression for TC [Eq. (7) in the original paper]:

kBTC =
8⇡

p
3

3

S + 1

S

JS2

ln
h
�+4⇡

p
3JS2

�

i . (7)

Both corrections imply that TC values provided in the
original paper were underestimated. The revised version
of Table I is provided with this Erratum. The reported

changes do not a↵ect the conclusions made in the original
paper.

TABLE I. Net magnetization per Cr atom (M), Heisenberg

exchange interaction (J), on-site anisotropy energy (�), and

the Curie temperature (Tc) estimated in this work for mono-

layer CrN, bilayer CrN/P, and trilayer CrN/P/CrN. The val-

ues for monolayer CrN are given for two di↵erent Hubbard U
parameters. In other cases, U = 3 eV is assumed. Red color

marks the corrected values.

System M (µB) J (meV) � (meV) Tc (K)

CrN (U = 0 eV) 3.00 4.90 0.47 496

CrN (U = 3 eV) 3.00 11.41 0.73 1084

CrN/P 2.53 13.33 0.11 968

CrN/P/CrN 2.63
⇤

12.29 0.12 910

⇤
The value is given for FM configuration. In the AFM case,

M = 0.16 µB .

⇤ mogulkoc@science.ankara.edu.tr
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FIG. 1. (a) Energy di↵erence between the FM and Néel states in single-layer CrN calculated per Cr atom as a function of the

Hubbard U parameter. The insets show the alignment of spins for the di↵erent magnetic configurations.

(a) Energy difference between the FM and Néel states in single-layer CrN 
calculated per Cr atom as a function of the Hubbard U parameter. (b) The 
magnetic anisotropy energy (︎� ) calculated per Cr atom as the difference 
between the out-of-plane and in-plane FM configurations in single-layer CrN 
for a series of Hubbard U parameters. The insets show the alignment of spins 
for the different magnetic configurations. 
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DOS
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FIG. 2. (a) Electronic bands calculated for spin-up (blue line)
and spin-down (red line) states of monolayer CrN. The dashed
lines are the DFT bands, while the solid lines are the Wannier-
interpolated bands. (b) The corresponding spin-resolved DOS.
(c) Spin-up (σ ↑) and spin-down (σ ↓) components of the lateral
conductivity, as well as its spin polarization [Eq. (8)] calculated
as a function of the chemical potential µ.

The exchange energy for the FM configuration is EFM =
12JS2 per atom, while for the Néel state it is ENéel =
− 6JS2. The exchange-interaction strength can, therefore,
be calculated as J = (EFM − ENéel)/18S2. In Fig. 1(a), we
show the absolute energy difference between the FM and
Néel states as a function of the Hubbard U parameter.
For U = 3 eV, which corresponds to the case of pristine
CrN, we obtain J U=3 ≈ 7.83 meV, which is close to the
value reported for the rock-salt structure of monolayer
CrN [29]. In the presence of a dielectric substrate, the on-
site Coulomb interaction on Cr atoms would be screened,
leading to smaller U values. In the limit of large screening
(U = 0), the exchange interaction is suppressed consider-
ably, yielding J U=0 ≈ 4.52 meV. As a next step, we calcu-
late the magnetic anisotropy energy " as the energy dif-
ference between the magnetic configuration with in-plane
and out-of-plane spin alignments, " = Ein − Eout. We find
that the easy-magnetization axis corresponds to the out-of-
plane configuration. In Fig. 1(b), we show the calculated
"(U) dependence. For pristine CrN (U = 3 eV), we obtain
"U=3 ≈ 0.73 meV, while at U = 0, one has "U=0 ≈ 0.47
meV. As in the case of exchange interactions, the screen-
ing suppresses the anisotropy. We can now estimate the
Curie temperature, which is TU=3

C = 209 K and TU=0
C =

124 K for the two situations considered. In both cases,
the critical temperature lies well above the liquid-nitrogen
temperature. It is worth noting that we obtain similar
critical temperatures with different exchange-correlation
functionals [47].

We now turn to the ground-state electronic proper-
ties of monolayer CrN. Figure 2(a) shows the band
structure calculated in the vicinity of the Fermi energy,
which demonstrates half-metal character, and the split-
ting between spin-up and spin-down states, being the ori-
gin of magnetism in CrN. The spin-up electronic bands
are finite, while there is an approximately-4.0-eV energy
gap for spin-down states, as can be seen from Figs. 2(a)
and 2(b). This results are compatible with the data reported
in Ref. [30]. In Fig. 2(c), we show spin-resolved lateral
conductivity σ ↑ (σ ↓) of monolayer CrN as a function of
the chemical potential µ. One can see that in a wide region
around the neutrality point (µ = 0), the conductivity is
determined exclusively by the spin-up states. To char-
acterize the asymmetry of spin-up and spin-down states
with regard to the transport properties, we define the spin
polarization of the conductivity as

σSP = σ ↑ − σ ↓

σ ↑ + σ ↓ . (8)

For monolayer CrN, the spin polarization is 100% for
any realistic doping regime, which indicates perfect spin
filtering.

One of the possible ways to utilize the spin-filter effect
is to manipulate the direction of magnetization of two or
more FM layers, forming a heterostructure. A typical het-
erostructure is composed of conducting layers separated
by an insulating spacer, coupled by weak van der Waals
interactions. In what follows, we study the electronic
and transport properties of the CrN/P/CrN heterostructure,
composed of two hexagonal CrN monolayers and a blue-
phosphorus monolayer. This system represents a minimal
model for a CrN-based spin valve, schematically shown in
Fig. 3. The choice of the spacer material is motivated by
the small lattice mismatch between the lattices, which is
less than 1%.

FIG. 3. A lateral spin-valve device based on 2D CrN ferromag-
nets separated by a phosphorus spacer. Arrows show the possible
direction of magnetization controlled by an external magnetic
field.
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(a) Electronic bands calculated for spin-up (blue line) and spin-down 
(red line) states of monolayer CrN. The dashed lines are the DFT 
bands, while the solid lines are the Wannier interpolated bands. (b) The 
corresponding spin-resolved DOS. (c) Spin-up (σ↑) and spin-down (σ↓) 
components of the lateral conductivity, as well as its spin polarization 
calculated as a function of the chemical potential μ. 
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TABLE I. Net magnetization per Cr atom (M ), Heisenberg
exchange interaction (J ), on-site anisotropy energy (!), and
the Curie temperature (TC) estimated in this work for mono-
layer CrN, bilayer CrN/P, and trilayer CrN/P/CrN. The values
for monolayer CrN are given for two different Hubbard U
parameters. In the other cases, U = 3 eV is assumed.

System M (µB) J (meV) ! (meV) TC (K)

CrN (U = 0 eV) 3.00 4.52 0.47 124
CrN (U = 3 eV) 3.00 7.83 0.73 209
CrN/P 2.53 8.5 0.11 150
CrN/P/CrN 2.63a 8.13 0.12 146

aThe value is given for the FM configuration. In the AFM case,
M = 0.16µB.

The DOS associated with P states is spin dependent, indi-
cating that P atoms acquire a magnetic moment, estimated
to be around 0.1µB. Moreover, the spin-down states at the
neutrality point are mainly related to P states. The net mag-
netic moment in the CrN/P bilayer is reduced to 2.5µB per
cell compared with 3.0µB in pristine CrN. Figures 4(d)
and 4(e) shows top and side views of the corresponding
real-space spin distribution, that is, n↑(r) − n↓(r), which is
similar to the spin distribution of pristine monolayer CrN.

In CrN/P, the exchange interaction J is calculated to
be approximately 8.5 meV, which is slightly larger than
for pristine CrN in the absence of screening (U = 3 eV).
On the other hand, the on-site anisotropy parameter ! for
bilayer CrN/P is significantly smaller, and is 0.11 meV.
The difference in ! between CrN and CrN/P suggests
that the screening is not the only factor affecting the mag-
netic anisotropy, so the interface interaction between CrN
and P has to be explicitly taken into account. In Table I,

we summarize magnetism-related parameters for all the
systems considered in this work.

C. Electronic properties and magnetic stability of the
CrN/P/CrN heterostructure

To construct the van der Waals spin valve, we add a sec-
ond CrN layer to the CrN/P system to form the CrN/P/CrN
heterostructure. We use AA stacking for both the CrN/P
interface and the P/CrN interface, taking into account their
dynamical stability, and perform structural relaxation. A
schematic atomic structure of CrN/P/CrN is shown in
Figs. 6(a) and 6(b). Because of the buckling of the P
layer, the interlayer distance between CrN and P is differ-
ent for the two neighboring CrN layers, and is 2.46 and
3.10 Å. The calculated interface binding energy is about
0.64 eV per cell. To model two operating spin-valve states,
we consider parallel (FM) and antiparallel [antiferromag-
netic (AFM)] alignments of magnetic moments in the CrN
layers, as shown in the insets in Fig. 5(a).

Figure 5(a) shows the energy difference between the cor-
responding FM and AFM configurations as a function of
the Hubbard U parameter. Negative values indicate that the
FM alignment is the ground state for all the U values. At
U = 3 eV, the energy difference between the two states is
8.85 meV per Cr atom, which is a measure of the exchange
interlayer coupling between the two CrN layers. Assuming
nearest-neighbor coupling between Cr atoms belonging
to different CrN layers, the interlayer exchange interac-
tion can be estimated as J⊥ ≈ 1.97 meV. However, this
coupling does not directly affect the magnetic ordering in
CrN/P/CrN as it is q independent, and thus does not modify
the spin-wave spectrum [see Eq. (6)]. Therefore, the Curie
temperature of the heterostructure is mainly determined by

(a) (b)

FIG. 5. (a) Energy difference between parallel (FM) and antiparallel (AFM) configurations in CrN/P/CrN calculated per Cr atom
depending on the Hubbard U values. The insets show the spin distribution for both configurations. (b) The anisotropy energy
(! = Ein − Eout) per Cr atom.
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(state/eV unitcell)

FIG. 2. (a) Electronic bands calculated for spin-up (blue line)
and spin-down (red line) states of monolayer CrN. The dashed
lines are the DFT bands, while the solid lines are the Wannier-
interpolated bands. (b) The corresponding spin-resolved DOS.
(c) Spin-up (σ ↑) and spin-down (σ ↓) components of the lateral
conductivity, as well as its spin polarization [Eq. (8)] calculated
as a function of the chemical potential µ.

The exchange energy for the FM configuration is EFM =
12JS2 per atom, while for the Néel state it is ENéel =
− 6JS2. The exchange-interaction strength can, therefore,
be calculated as J = (EFM − ENéel)/18S2. In Fig. 1(a), we
show the absolute energy difference between the FM and
Néel states as a function of the Hubbard U parameter.
For U = 3 eV, which corresponds to the case of pristine
CrN, we obtain J U=3 ≈ 7.83 meV, which is close to the
value reported for the rock-salt structure of monolayer
CrN [29]. In the presence of a dielectric substrate, the on-
site Coulomb interaction on Cr atoms would be screened,
leading to smaller U values. In the limit of large screening
(U = 0), the exchange interaction is suppressed consider-
ably, yielding J U=0 ≈ 4.52 meV. As a next step, we calcu-
late the magnetic anisotropy energy " as the energy dif-
ference between the magnetic configuration with in-plane
and out-of-plane spin alignments, " = Ein − Eout. We find
that the easy-magnetization axis corresponds to the out-of-
plane configuration. In Fig. 1(b), we show the calculated
"(U) dependence. For pristine CrN (U = 3 eV), we obtain
"U=3 ≈ 0.73 meV, while at U = 0, one has "U=0 ≈ 0.47
meV. As in the case of exchange interactions, the screen-
ing suppresses the anisotropy. We can now estimate the
Curie temperature, which is TU=3

C = 209 K and TU=0
C =

124 K for the two situations considered. In both cases,
the critical temperature lies well above the liquid-nitrogen
temperature. It is worth noting that we obtain similar
critical temperatures with different exchange-correlation
functionals [47].

We now turn to the ground-state electronic proper-
ties of monolayer CrN. Figure 2(a) shows the band
structure calculated in the vicinity of the Fermi energy,
which demonstrates half-metal character, and the split-
ting between spin-up and spin-down states, being the ori-
gin of magnetism in CrN. The spin-up electronic bands
are finite, while there is an approximately-4.0-eV energy
gap for spin-down states, as can be seen from Figs. 2(a)
and 2(b). This results are compatible with the data reported
in Ref. [30]. In Fig. 2(c), we show spin-resolved lateral
conductivity σ ↑ (σ ↓) of monolayer CrN as a function of
the chemical potential µ. One can see that in a wide region
around the neutrality point (µ = 0), the conductivity is
determined exclusively by the spin-up states. To char-
acterize the asymmetry of spin-up and spin-down states
with regard to the transport properties, we define the spin
polarization of the conductivity as

σSP = σ ↑ − σ ↓

σ ↑ + σ ↓ . (8)

For monolayer CrN, the spin polarization is 100% for
any realistic doping regime, which indicates perfect spin
filtering.

One of the possible ways to utilize the spin-filter effect
is to manipulate the direction of magnetization of two or
more FM layers, forming a heterostructure. A typical het-
erostructure is composed of conducting layers separated
by an insulating spacer, coupled by weak van der Waals
interactions. In what follows, we study the electronic
and transport properties of the CrN/P/CrN heterostructure,
composed of two hexagonal CrN monolayers and a blue-
phosphorus monolayer. This system represents a minimal
model for a CrN-based spin valve, schematically shown in
Fig. 3. The choice of the spacer material is motivated by
the small lattice mismatch between the lattices, which is
less than 1%.

FIG. 3. A lateral spin-valve device based on 2D CrN ferromag-
nets separated by a phosphorus spacer. Arrows show the possible
direction of magnetization controlled by an external magnetic
field.
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FIG. 6. Real-space distribution of magnetization calculated for (a) FM and (b) AFM configurations of CrN/P/CrN. The isosurface
value for the magnetization is 0.03 e/Å3. The corresponding spin-resolved electronic band structure and DOS are shown in (c)–(f),
whereas (g),(h) show spin-dependent lateral conductivities as a function of the chemical potential.

the ordering of individual FM layers, whose mutual orien-
tation could be controlled by the external magnetic field,
as schematically shown in Fig. 3.

In the FM configuration, the total magnetic moment
is 5.26µB per formula unit. The magnetic moment on
Cr atoms is 2.95µB or 3.15µB, depending on the CrN
layer. The difference is explained by the absence of mirror
symmetry in CrN/P/CrN. Both N and P atoms acquire
opposite magnetic moments, reducing the net magnetiza-
tion. As can be seen from Table I, the net magnetization
per CrN layer is nearly the same as in bilayer CrN/P.
In the AFM configuration, there is a remaining magnetic
moment of 0.33µB per cell related to the different mag-
netization of CrN layers. The real-space spin distribution
for the two configurations is shown in Figs. 6(a) and 6(b).
For CrN/P/CrN, the calculated exchange coupling and
magnetic anisotropy energy are 8.13 and 0.12 meV, respec-
tively, which are comparable to those of bilayer CrN/P
discussed earlier. The corresponding Curie temperature is
estimated to be 146 K.

Figures 6(c)–6(f) show the spin-resolved band structure
and DOS for parallel (FM) and antiparallel (AFM) align-
ments of magnetic moments of CrN layers. The electronic
structure of the FM state [Figs. 6(c) and 6(e)] around the
Fermi energy is similar to that of bilayer CrN/P. Although
both spins contribute to the states around the Fermi energy,
the main contribution is related to spin-up states. The sit-
uation is completely different for the AFM configuration

[Figs. 6(d) and 6(f)]. Now the contributions of spin-up
states and spin-down states to the electronic states are com-
parable in magnitude, which is expected to influence the
transport properties.

D. Spin-dependent transport properties of CrN/P/CrN
heterostructure

We now proceed to the transport properties of the
CrN/P/CrN heterostructure. In Figs. 6(g) and 6(h), we
plot spin-up (σ ↑) and spin-down (σ ↓) contributions to the
lateral conductivity calculated for FM and AFM config-
urations. Besides, we show the spin polarization of the
conductivity, as defined by Eq. (8). In the AFM case, the
spin polarization is zero at the Fermi energy, where it
reaches approximately 33% in the FM case. At positive
energies, the behavior is similar for the two cases, while at
negative energies the situation is different. Because of the
absence of spin-down states in the FM configuration, the
conductivity becomes strongly spin polarized, approach-
ing 100% at − 1 eV. On the other hand, in the AFM state
the maximum spin polarization of approximately 30% is
achieved at around − 0.3 eV.

To further examine spin-dependent transport in CrN/P/
CrN, we calculate the DOS projected onto different lay-
ers in the heterostructure, as shown in Figs. 7(a) and 7(b).
In the FM configuration, the spin-down DOS for both
CrN layers is zero or negligibly small around the Fermi
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Real space distribution of magnetization calculated for (a) FM and (b) AFM 
configurations for CrN/P/CrN. The corresponding spin-resolved electronic 
band structure and DOS are shown in (c)–(f), whereas (g),(h) show spin-
dependent lateral conductivities as a function of the chemical potential. 
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energy [Fig. 7(a)]. In this situation, the available spin-
down states are mainly attributed to the P layer. The
nonzero spin-up DOS implies that spin-up states are the
main transport channel in ferromagnetic CrN/P/CrN. In
contrast, in the case of the AFM alignment [Fig. 7(b)],
the main transport channel in two oppositely magnetized
CrN layers is different. One layer provides spin-up states,
while the other layer provides spin-down states for trans-
port. At the same time, the P layer exhibits a similar
DOS in the both FM configuration and the AFM con-
figuration. Unlike vertical spin valves, where current is
passing in the direction perpendicular to the layers, the
spin filtering in lateral spin valves is less efficient. Indeed,
both conducting layers almost equally contribute to the
overall lateral current, as can be deduced from Figs. 7(a)
and 7(b). Nevertheless, the layer contribution is differ-
ent for FM and AFM states, meaning that the switching
between the magnetic states can be used to control the
conductivity.

To assess the spin-valve efficiency, we calculate the
magnetoresistance of CrN/P/CrN. Magnetoresistance char-
acterizes the variation of the resistivity with respect
to the rotation of magnetization in the conducting
layers; that is,

ρMR = ρ↑↑ − ρ↑↓

ρ↑↓ , (9)

where ρ↑↑ (ρ↑↓) is the resistivity in the FM (AFM)
state, defined as the inverse conductivity for both spin
channels; that is, ρ = 1/(σ ↑ + σ ↓). The resulting mag-
netoresistance in shown in Fig. 7(c) as a function of the
chemical potential. One can see that at low dopings (|µ| <
0.2 eV) the magnetoresistance ranges from 0% to 12%.

At high electron dopings (µ > 0.2 eV) the magnetoresis-
tance reaches its maximum of 27%. The values obtained
are an order of magnitude greater than those reported in
pioneer experimental work on thin Fe/Cr/Fe films [59].
Although the absolute magnetoresistance is not high by
modern standards, it exceeds experimentally reported val-
ues for spin valves based on 2D materials, including ver-
tical graphene spin valves [2,12], NiFe/MoS2/NiFe junc-
tions [15], and NiFe/WS2/Co [16] structures, where the
magnetoresistance is about 1%. Apart from the reasonable
magnetoresistance, the CrN-based spin valves studied in
the present work can be constructed as lateral devices,
which is advantageous in terms of the fabrication. More-
over, ferromagnetic CrN layers offer low coercivity, mean-
ing that the proposed device can work at low operating
fields.

The consideration presented above does not take
into account spin relaxation, which may influence the
performance of spin-valve devices due to spin-flip pro-
cesses. The spin flip could be induced by spin-orbit inter-
action or by thermal fluctuations of magnetic moments.
However, in the context of CrN/P/CrN, these processes
appear to be irrelevant for the following reasons. At tem-
peratures below the critical temperature, spin fluctuations
in ferromagnetic materials are obviously small, and cannot
contribute significantly to the spin-flip processes. On the
other hand, the processes determined by the spin-orbit cou-
pling are also weak in compounds based on 3d transition
metals such as chromium. Indeed, the probability ratio of
electron scattering with (τ−1

1 ) and without (τ−1
0 ) spin-flip

processes is proportional to λ2, where λ is the spin-orbit
coupling strength. At the same time, λ ∼ (Zα)2, where Z
is the atomic number and α ≈ 1/137 is the fine-structure
constant. Therefore, the role of spin-flip scattering can be
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FIG. 7. Layer-resolved partial DOS (PDOS) calculated for CrN/P/CrN in the (a) parallel (FM) and (b) antiparallel (AFM) magnetic
configurations. (c) Magnetoresistance in CrN/P/CrN calculated with Eq. (9) as a function of the chemical potential.
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Erratum: Lateral spin-valve based on two-dimensional CrN/P/CrN heterostructure
[Phys. Rev. Applied 11, 064015]

M. Modarresi, A. Mogulkoc,⇤ Y. Mogulkoc, and A. N. Rudenko
(Dated: May 21, 2020)

In the original paper, the Curie temperature (TC) was
not calculated correctly. In this Erratum, we would like
to provide a correction to the published results.

First, the energies of the 120o Néel magnetic state pre-
sented in Fig. 1(a) of the original paper was calculated
using a wrong magnetic configuration. The revised data
is shown in Fig. 1 of this Erratum.

Second, an incorrect expression for the Brillouin zone
area was used in Eq. (6) of the original paper when calcu-
lating TC . The correct area should read ⌦ = 8⇡2/

p
3a2.

This leads to the following modification of the final ex-
pression for TC [Eq. (7) in the original paper]:

kBTC =
8⇡

p
3

3

S + 1

S

JS2

ln
h
�+4⇡

p
3JS2

�

i . (7)

Both corrections imply that TC values provided in the
original paper were underestimated. The revised version
of Table I is provided with this Erratum. The reported

changes do not a↵ect the conclusions made in the original
paper.

TABLE I. Net magnetization per Cr atom (M), Heisenberg

exchange interaction (J), on-site anisotropy energy (�), and

the Curie temperature (Tc) estimated in this work for mono-

layer CrN, bilayer CrN/P, and trilayer CrN/P/CrN. The val-

ues for monolayer CrN are given for two di↵erent Hubbard U
parameters. In other cases, U = 3 eV is assumed. Red color

marks the corrected values.

System M (µB) J (meV) � (meV) Tc (K)

CrN (U = 0 eV) 3.00 4.90 0.47 496

CrN (U = 3 eV) 3.00 11.41 0.73 1084

CrN/P 2.53 13.33 0.11 968

CrN/P/CrN 2.63
⇤

12.29 0.12 910

⇤
The value is given for FM configuration. In the AFM case,

M = 0.16 µB .

⇤ mogulkoc@science.ankara.edu.tr

Net magnetization per Cr atom (M), Heisenberg exchange 
interaction (J), on-site anisotropy energy (∆), and the Curie 
temperature (Tc) estimated in this work for monolayer CrN, 
bilayer CrN/P, and trilayer CrN/P/CrN. The values for 
monolayer CrN are given for two different Hubbard U 
parameters. In other cases, U = 3 eV is assumed. 

Conclusions
• We calculate the exchange interactions and single-ion anisotropy parameters to estimate the 

Curie temperature within the random-phase approximation, which is found to be around 910 
K for CrN/P/CrN 

• The calculated magnetoresistance is around 12% in the low-doping regime. 
• Relatively high operating temperatures, and reasonable magnetoresistance makes the CrN/

P/CrN system an appealing candidate for a lateral spin-valve device. [25]
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