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Critical behavior in the itinerant ferromagnet AsNCr3 with tetragonal-antiperovskite structure
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Herein, we have systematically reported the synthesis, structure, magnetism, and electrical/thermal transport
properties of AsNCr3. Tetragonal-antiperovskite metallic AsNCr3 exhibits a second-order ferromagnetic (FM)-
paramagnetic (PM) transition around 243 K, where the resistivity and specific heat also show a related change.
Based on the obtained parameters from basic physical properties, the nature of weak electron-electron correlation
was confirmed by both the Kadowaki-Woods ratio and Wilson ratio. Moreover, the value of the Rhodes-Wolfarth
ratio (1.312) is larger than 1, suggesting an itinerant ferromagnetism in AsNCr3. To further clarify the magnetic
interaction of the AsNCr3 system, the study of critical behavior around the FM-PM transition has been performed.
The critical exponents (β, γ , and δ) of AsNCr3 obtained from different methods are very close to the theoretical
values of the mean-field model (β = 0.5, γ = 1.0, and δ = 3.0), indicating the existence of a long-range FM
interaction. Besides, the exchange interaction distance J (r) ∼ r−4.3 for AsNCr3 decreases more slowly than that
of mean-field model J (r) ∼ r−4.5, further confirming the long-range magnetic coupling in our system. The strong
hybridization between Cr-3d and N-2p states as well as between Cr-3d and As-4p states confirmed by our
theoretical calculations results in the itinerant characterization of carriers and the long-range FM interaction in
tetragonal-antiperovskite AsNCr3.

DOI: 10.1103/PhysRevB.98.014412

I. INTRODUCTION

Recently, the antiperovskite compounds with a formula
AXM3 (A = Ga, Al, Sn, Zn, Cu, In, Ge, As, Sb, etc.; X = C,
N; M = Cr, Mn, Fe, Ni, etc.) have been studied extensively
owing to their interesting properties, such as superconductivity
[1], zero temperature resistivity coefficient [2–4], giant mag-
netoresistance effect [5,6], giant barocaloric effect [7], phase
separation [8], negative thermal expansion [9], magnetocaloric
effect [10], spin-glass behavior [11–14], and magnetostriction
[15]. In general, the symmetry of crystal structure is cubic with
the space group Pm-3m (No. 221) for most of antiperovskite
compounds AXM3 [16]. However, the tetragonal symmetry,
although rare in antiperovskite compounds, was observed in
GeNFe3 [17,18], CuNMn3 (below 149 K) [9,19], SbNMn3

[20], GeNCr3 [21], and AsNCr3 [16,22–24]. Some of these
tetragonal-antiperovskite compounds have been investigated
and many interesting properties were observed. For instance,
GeNFe3 shows a spin-glass behavior and anomalous Hall effect
[17,18], chemically doped CuNMn3 exhibits excellent negative
thermal expansion and abnormal ferromagnetic (FM) critical
behavior [9,19], SbNMn3 undergoes a giant magnetostriction
[20], GeNCr3 shows a first-order antiferromagnetic (AFM)-
paramagnetic (PM) transition with large thermal hysteresis
[21]. AsNCr3 as a tetragonal-antiperovskite structure nitride

*tongpeng@issp.ac.cn
†ypsun@issp.ac.cn

was reported in 1968, but its physical properties were rarely re-
ported up to now [22,23]. Thus, it is necessary and interesting to
investigate the physical properties of tetragonal-antiperovskite
AsNCr3.

In this paper, we successfully synthesized AsNCr3 and
systematically reported its basic physical properties, such as
magnetism, electrical transport, and specific heat. A second-
order FM-PM transition was observed around 243 K. Based on
the obtained basic physical data, we got the Kadowaki-Woods
ratio (RKW), Wilson ratio (RW), and the Rhodes-Wolfarth ratio
(RWR), confirming the weak electron-electron correlation
and itinerant ferromagnetism in AsNCr3. Detailed critical
behavior is performed around the FM-PM phase transition.
The obtained critical exponents (β, γ , and δ) are close to the
values of the mean-field model and the exchange-interaction
distance is obtained as J (r) ∼ r−4.3, confirming the existence
of a long-range FM interaction in AsNCr3. Our theoretical
calculations show a strong hybridization between Cr-3d and
N-2p states as well as between Cr-3d and As-4p states in
tetragonal-antiperovskite AsNCr3, resulting in the itinerant
characterization of carriers and the long-range FM interaction.

II. EXPERIMENT AND CALCULATION DETAILS

Polycrystalline sample of AsNCr3 was prepared by the
conventional solid-state reaction. Powders of As (3N, Alfa
Aesar), Cr (4N, Alfa Aesar), and CrN (3N, Alfa Aesar) were
mixed in the desired proportions, pressed into pellets (at a
pressure of 25 MPa, diameter is 12 mm, thickness is 2–3 mm),
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FIG. 1. (a) Rietveld refined powder XRD patterns at room temperature for AsNCr3. The vertical marks (blue line) stand for the position
of Bragg peaks, and the solid line (green line) at the bottom correspond to the difference between experimental and calculated intensities. (b)
EDS information on AsNCr3. (c) Sketches of crystal structure with different directions for AsNCr3.

sealed in evacuated quartz tubes (<10−3 Pa), and then annealed
at 1073 K for about 5–7 d. After quenching the tubes to room
temperature, the products were pulverized, mixed, pressed into
pellets, and annealed again at 1173 K for about more than a
week to obtain a good-quality sample. X-ray powder diffrac-
tion (XRD) was performed using a Philips X′pert PRO x-ray
diffractometer with Cu Kα radiation (λ = 0.15406 nm) from
300 to 35 K. The Rietveld refinement of XRD data was carried
out by using the RIETICA software. The compositions of our
sample were determined by electron-dispersive spectrometer
(EDS). Magnetic measurements were carried out on a Quantum
Design superconducting quantum interference device magne-
tometer (SQUID-5T). The electrical/thermal transport proper-
ties were characterized on a Quantum Design physical property
measurement system (PPMS-9T). The electrical transport
measurements were performed by a four-probe method to
eliminate contact resistance. The measurement of specific heat
was carried out by a heat-pulse relaxation method on PPMS-9T.
Differential thermal scanning (DSC) was measured by using
a Diamond differential scanning calorimeter between 230 and
300 K.

First-principles calculations based on density-functional
theory were performed by using the projector-augmented wave
method as implemented in the Vienna Ab initio Simulation
Package (VASP) [25,26]. The exchange-correlation potential
was in the form of Perdew-Burke-Ernzerhof with generalized
gradient approximation. In the self-consistent calculations, the
Brillouin zone of primitive cell was sampled with a 12×12×12
Monkhorst-Pack k-point mesh. For the density of states (DOS)
calculations, a denser 25×25×25 mesh of k points was used.
The energy cutoff of the plane-wave basis was set to be 500 eV.
Both the lattice parameters and atomic positions were fully

relaxed until the force acting on each atom became less than
0.01 eV/Å.

III. RESULTS AND DISCUSSION

A. Characterization of basic physical property

Figure 1(a) shows the Rietveld refinement of room-
temperature powder XRD patterns of AsNCr3. All the diffrac-
tion peaks could be indexed to the corresponding structure
and space group (I4/mcm, No. 140). There are no obvious
impurity peaks. The related fitting parameters (such as χ2, Rp,
and Rwp) are quite small as presented in Fig. 1(a), suggesting
that our sample is of high quality. The refined lattice constants
are a = b = 5.3595(3) Å and c = 8.0675(2) Å, which match
well with the previously reported values (a = b = 5.36 Å
and c = 8.066 Å) [22,24]. All the parameters of the Rietveld
refinement were summarized in Table I. Figure 1(b) displays
the EDS results of AsNCr3, and the value of As : Cr = 1 :
2.94, which is much close to the stoichiometric ratio of 1:3
within the experimental error. Here, it is necessary to point out
that the N element is too light to be accurately determined
by EDS. In fact, the N element is approaching to nominal
composition, which will be discussed later. According to the
above fitting parameters, we obtain the sketch map of crystal
structure for AsNCr3 as shown in Fig. 1(c). The twisting of the
linked Cr6N octahedra along the c axis can be easily found in
the middle and right panels of Fig. 1(c), which is consistent
with the previous report [23].

Figure 2(a) presents the temperature-dependent magne-
tization M(T ) under zero-field-cooled (ZFC), field-cooled
cooling (FCC), and field-cooled warming (FCW) processes,
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TABLE I. Crystallographic information and refinement parameters obtained from the Rietveld refinement of powder XRD data of AsNCr3.

Item AsNCr3

Crystal system Tetragonal
Space group I4/mcm

Lattice constants (Å) a = b = 5.3595 (This work) (a = b = 5.36) (Ref. [22])
c = 8.0675 (This work) (c = 8.066) (Ref. [22])

Cell volume (Å
3
) 231.73

Formula units 4
α/β/γ (◦) 90/90/90
RP (%) 6.426
RWP (%) 6.717
χ 2 1.453

AsNCr3 Wyckoff symbol x y z

Cr1 8h 0.185 0.685 0
Cr2 4a 0 0 0.25
As 4b 0 0.5 0.25
N 4c 0 0 0

the differentiation of M(T ) (ZFC), and inverse susceptibility
χ−1(T ) (ZFC) curves of AsNCr3 at a magnetic field of 1 kOe
between 5 and 300 K. As shown in M(T ) curve of Fig. 2(a), a
magnetic transition occurs around 243 K, which is similar to the
previous report [24]. Around magnetic phase transition, there is
no obvious thermal hysteresis between MFCC(T ) and MFCW(T )
curves, indicating a second-order phase transition. Figure 2(b)
shows the isothermal M(H ) curves for AsNCr3 at 5 and 300 K.
Especially, the coercive force is only 24 Oe and the saturation

magnetization (μS) is about 4.35 emu/g (0.0636 μB/Cr) at
5 K. The room-temperature PM state is observed from the
linear M(H ) curve at 300 K. In order to get more informa-
tion about the magnetism of AsNCr3, we made a well-fitted
χ−1(T ) curve above 250 K by using the modified Curie-Weiss
law [27]:

χ (T )−1 =
(

C

T − θ
+ χ0

)−1

, (1)

FIG. 2. (a) Temperature-dependent magnetization M(T ) curves under ZFC and FC processes and inverse susceptibility χ−1(T ) (ZFC)
curves of AsNCr3 at a magnetic field of 1 kOe between 5 and 300 K. (b) M(H ) curves at 5 and 300 K. The left and right inset show the
enlargement of M(H ) curve at 5 and 300 K with low magnetic fields. (c) Temperature dependence of resistivity ρ(T ) at 0 and 5 T for AsNCr3.
The left inset presents the lower-T ρ(T ) data plotted as ρ(T ) vs T 2. The right inset reveals the MR effect around FM-PM transition. (d)
Temperature-dependent heat capacity CP (T ) at zero magnetic field between 5 and 300 K for AsNCr3. Inset displays the plot of CP (T )/T vs
T 2 below 10 K and the solid line represents the linear fitting results according to Eq. (3).
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TABLE II. Parameters of magnetism, electrical transport, and
low-temperature specific heat in AsNCr3.

AsNCr3

χ0 (10−4 emu/mol) 3.82(1)
C (emu K/mol) 0.065(1)
θ (K) 247.2(1)
μeff (μB/Cr) 0.417(2)
μS (μB/Cr) 0.0636
ρ0 (μ
 cm) 15.8(1)
A (10−3 μ
 cm/K2) 4.23(1)
RRR (ρ300 K/ρ2 K) 15
γ (mJ/mol K2) 29.3(1)
β (mJ/mol K4) 0.096(2)
δ (10−6 mJ/mol K6) 3.12(5)
�D (K) 466.1(3)

where C is the Curie constant, θ stands for the Weiss tem-
perature, and χ0 is a temperature-independent term, namely,
the Pauli paramagnetic term. Correspondingly, we get the
values of parameters as follows: C = 0.065(1) emu K/mol,
θ = 247.2(3) K, χ0 = 3.82(1)×10−3 emu/mol Oe. The posi-
tive Weiss temperature indicates the FM exchange interaction
in this system. The effective magnetic moment per Cr atom
(μeff ) is estimated as 0.417(2) μB/Cr from the relationship
μeff = 2.83(C/η)0.5 μB (where C is the Curie constant and η

is the number of magnetic atoms in a unit cell and equals to 3 in
our sample) [28]. The estimated μeff (0.417 μB/Cr) is much
smaller than the local magnetic moment of Cr (2.5 μB/Cr)
[29], suggesting that the 3d electrons of Cr in AsNCr3 are
mainly itinerant. Given the values of μeff and μS , the Rhodes-
Wolfarth ratio can be calculated [30]. According to Rhodes
and Wolfarth, RWR = μC/μS , where μC is related to the
number of moving carriers and can be obtained from μ2

eff =
(μC + 2) μC . If μC = μS , i.e., RWR = 1, the magnetism is lo-
calized, whereas RWR > 1 suggests the existence of itinerant
ferromagnetism [29,30]. Here, in our case, the obtained RWR is
1.312(1), indicating an itinerant ferromagnetism in our system.

Figure 2(c) displays the temperature dependence of resis-
tivity ρ(T ) for AsNCr3 at zero magnetic field and 5 T between
2 and 300 K. Apparently, there exists a kink around 245.7 K,
and the magnitude of ρ(T ) increases basically with increasing
temperature, indicating a good metallic behavior. Negative
magnetoresistance MR = [ρ(5T) − ρ(0T)]/ρ(0T) is observed
around FM-PM transition, which can be found in the right inset
of Fig. 2(c). Obviously, the value of MR undergoes a sharp
change between 258.7 and 241.7 K, among which the FM-PM
transition happens. As shown in left inset of Fig. 2(c), the
low-temperature resistivity is well fitted by the formula [28]

ρ = ρ0 + AT 2, (2)

where ρ0 and A represent the residual resistivity and T 2-
term coefficient of the resistivity, respectively. This suggests
a Fermi liquid behavior at low temperatures for AsNCr3.
Correspondingly, the fitting values of parameters ρ0 =
15.8(1) μ
 cm and A = 0.00423(1) μ
 cm/K2 are obtained.
The low-temperature residual resistivity ρ0 and the residual
resistivity ratio (RRR), defined as RRR = ρ(300 K)/ρ(2 K),
are measures of sample quality such as in metals and alloys

FIG. 3. (a) The initial isothermal magnetization around TC . (b)
The Arrott plot of H/M vs M2.

[31]. High-ρ0 and small-RRR values suggest sizable scattering
from impurities, vacancies, or other defects [31]. In contrast,
the small ρ0 (∼15.8 μ
 cm) and relatively large RRR (∼15)
indicate a relatively good quality of our sample.

Figure 2(d) plots the specific heat CP (T ) curves between 5
and 300 K for AsNCr3. The specific heat of AsNCr3 at 300 K
is 123.2 J/mol K, which is very close to the classical Dulong-
Petit value CV = 3nR = 124.7 J/mol K for the specific heat
due to acoustic lattice vibrations [32], where n is the number of
atom per formula unit (here, n = 5 for AsNCr3). This confirms
that the compositions of our sample is very close to the nominal
composition, that is to say, N defect is very small for our
sample. Apparently, there is a peak around FM-PM transition.
However, this peak is not as sharp as the “λ” peak, suggesting
a second-order magnetic phase transition [29]. Moreover, we
also measured the DSC between 300 and 230 K (see the Fig. S1
of Supplemental Material) [33], but neither an exothermic
nor endothermic peak was detected around FM-PM transition,
further confirming a second-order phase transition. The inset
of Fig. 2(d) shows the low-temperature (below 10 K) specific
heat CP(T ) of AsNCr3 plotted as CP(T )/T vs T 2, which can
be well expressed by the following equation [28]:

CP (T ) = γ T + βT 3 + δT 5, (3)

where γ is the electron specific heat coefficient (Sommer-
feld constant), β stands for phonon specific heat coefficient,
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FIG. 4. (a) The temperature-dependent spontaneous magnetization MS and inverse initial susceptibility χ−1
0 with the fitting solid curves.

(b) KF plots for MS(T ) and χ0
−1(T ). The solid lines are fitted. (c) Scaling plots around TC using the values of β and γ determined by the KF

method. (d) The critical isotherm analysis at TC . The inset presents the plot on log10-log10 scale with a fitted solid line.

and δT 5 is the deviation term. The fitted values for γ ,
β, and δ are 29.3(1) mJ/mol K2, 0.096(2) mJ/mol K4, and
3.12(5)×10−6 mJ/mol K6, respectively. The Debye tempera-
ture �D = ( n×1.94×106

β
)1/3 = 466.1(3) K (where n is the num-

ber of atoms in a unit cell, and here it is 5) is derived from the
value of parameter β for AsNCr3 [28]. The aforementioned
experimental parameters of magnetism, resistivity, and specific
heat for AsNCr3 are listed in Table II.

As we know, the Kadowaki-Woods ratio (RKW = A/γ 2)
and the Wilson ratio [RW = (π2k2

Bχ0)/(3μ2
Bγ )] are the

well-known measures of electron-electron correlation, where
μB is Bohr magnon and kB stands for Boltzmann con-
stant [28]. Using the corresponding values (A, γ , and
χ0) listed in Table II, we can obtain the values of
0.493a0 [a0 = 1.0×10−5 μ
 cm/(mJ/mol K)2] and 0.894 for
RKW and RW, respectively. The value of RKW here is smaller
than the universal one of a0 = 1.0×10−5 μ
 cm/(mJ/mol K)2

[34], suggesting a nonstrong correlated Fermi liquid behavior
in the ground state of AsNCr3. On the other hand, the value
of RW = 0.894 is smaller than the strong correlation limit
of 2 according to the Anderson model [35], indicating a
weak electron-electron correlation. Hereto, the basic physical
properties of AsNCr3 have been investigated, especially, there
is a FM-PM transition around 243 K and an itinerant FM
ground state. To further investigate the FM interaction, next
we will perform the critical behavior analysis around FM-PM
transition in AsNCr3.

B. Critical behavior

It is well known that the critical behavior for a second-order
magnetic phase transition is an efficient method to help us

to understand the magnetic interaction of magnetic system
[36,37]. Hereinbefore, a second-order FM-PM transition is
observed in AsNCr3. To further confirm it, we measured
low-temperature (35–300 K) XRD for AsNCr3 and did not
observe structure phase transition around FM-PM transition as
shown in Fig. S2 [33]. On the other hand, Fig. 3(a) displays the
isothermal M(H ) curves in the vicinity of Curie temperature
(TC) and Fig. 3(b) shows the Arrott plots (M2 vs H/M). Ac-
cording to the criterion suggested by Banerjee [38], the positive
slopes in high fields correspond to a second-order magnetic
transition [see Fig. 3(b)]. Usually, a second-order magnetic
transition can be described by a series of critical exponents. In
the vicinity of a second-order phase transition, the divergence
of correlation length ξ = ξ0|(Tc − T )/Tc|−ν leads to universal
scaling laws for the spontaneous magnetization (MS) and initial
susceptibility (χ0). In this sense, the mathematical definitions
of exponents obtained from M(H ) curves can be performed as
follows [39]:

MS(T ) = M0(−ε)β, ε < 0, T < Tc, (4)

χ0(T )−1 = (h0/M0)εγ , ε > 0, T > Tc, (5)

M = DH 1/δ
, ε = 0, T = Tc, (6)

where ε = (T − TC)/TC is the reduced temperature, h0/M0

and D are critical amplitudes. The parameters β, γ , and δ

are the critical exponents, which are associated with MS,
χ0, and TC, respectively. The high-field parts of the Arrott
plots [see Fig. 3(b)] are fitted with a linear function and then
extrapolated to the H/M = 0 and M2 = 0 axes to obtain
MS and χ0, respectively. Using Eqs. (4) and (5), the β and
γ are obtained as β = 0.461(3) with Tc = 243.3(5) K and
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FIG. 5. (a) The (H/M)1/γ vs M1/β using the critical exponents
obtained by the KF method. (b) Temperature-dependent modified
coefficients A′ and B ′.

γ = 0.912(5) with Tc = 243.1(2) K, which can be seen in
Fig. 4(a). The value of TC obtained from the modified Arrott
plot (MAP) is very close to that determined by the dM(T )/dT

curve.
In fact, the critical exponents can also be accurately deter-

mined by the Kouvel-Fisher (KF) method [40]:

MS(T )/[dMS(T )/dT ] = (T − Tc)/β, (7)

χ0
−1(T )/[dχ0

−1(T )/dT ] = (T − Tc)/γ. (8)

According to Eqs. (7) and (8), MS/(dMS/dT ) and χ−1
0 /

(dχ−1
0 /dT ) vs T generate straight lines with slopes of 1/β

and 1/γ , respectively. The KF plots are displayed in Fig. 4(b).

The estimated β and γ values are β = 0.469(1) with Tc =
242.9(3) K and γ = 0.885(2) with Tc = 242.7(3) K, which are
basically consistent with those derived from the MAP method.
According to the prediction of the scaling equation, in the
asymptotic critical region, the magnetic equation is written
as follows [41]:

M(H,ε) = εβf±(H/εβ+γ ), (9)

where f± are regular functions with f+ for T > TC and f−
for T < TC. This means that the renormalized magnetization
m ≡ ε−βM(H,ε) vs the renormalized field h ≡ Hε−(β+γ ).
Namely, m = f±(h) forms two universal curves for T > TC

and T < TC, respectively. Based on this scaling equation,
m(h) curves around Tc are plotted in Fig. 4(c), where all the
magnetization data collapse onto two universal curves. The
obedience of the scaling equation over the entire range of
the normalized variables indicates the reliability of the obtained
critical exponents.

According to Eq. (6), the third critical exponent δ can
be determined from a critical isotherm (CI) M(H ) curve
analysis. Figure 4(d) displays M(H ) curve at TC = 243 K
and the inset shows the plots on the log10-log10 scale. The
log10(M)-log10(H ) relation yields a straight line with the slope
1/δ at high magnetic field, which determines δ = 2.918(1). In
addition, all these critical exponents (γ , β, and δ) fulfill the
Widom scaling relation (δ = 1 + γ /β) according to statistical
theory [42]. Given the β and γ values from the MAP method
and the KF method, the values of δ can be estimated as 2.978(2)
and 2.887(3), respectively. These values of δ are close to that
obtained from the CI analysis, indicating the obtained critical
exponents are reliable.

According to the Arrott-Noakes equation of state, H/M vs
M follows (H/M)1/γ = (T − TC)/TC + (M/M1)1/β , where
M1 is a constant [43]. However, the Arrott-Noakes equation of
state is strictly obeyed only at the limit of T approaching to TC .
More universally, H/M vs M obeys

(H/M)1/γ = A′ + B ′M1/β, (10)

where A′ and B ′ are temperature-dependent coefficients [44].
Consequently, the experimental data are reconstructed as
(H/M)1/γ vs M1/β using the critical exponents obtained by
the KF method as shown in Fig. 5(a). Obviously, all lines are
parallel to each other and the lines around TC pass through the
origin. At the same time, the obtained A′ and B ′ are displayed
in Fig. 5(b). One can see that A′ just passes the origin around TC

and the maximum of B ′ locates at TC . All the above-mentioned

TABLE III. Comparison of the critical exponents of AsNCr3 with different theoretical models. MAP, KF, and CI stand for modified Arrott
plot, Kouvel-Fisher method, and critical isotherm analysis, respectively.

Composition Ref. TC(K) β γ δ

AsNCr3 (MAP) This work 243.3(5) 0.461(3) 0.912(5) 2.978(2)
AsNCr3 (KF) This work 242.9(3) 0.469(1) 0.885(2) 2.887(3)
AsNCr3 (CI) This work 243 2.918(2)
Tricritical mean field [43] 0.25 1.0 5.0
Mean-field model [43] 0.5 1.0 3.0
3D Heisenberg model [43] 0.365 1.386 4.8
3D Ising model [43] 0.325 1.24 4.82
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FIG. 6. (a) Total and (b) atom-orbital-projected density of states of AsNCr3 with cubic-antiperovskite structure (Pm-3m); (c) Total and
(d) atom-orbital-projected DOS of AsNCr3 with tetragonal-antiperovskite structure (I4/mcm). The positive and negative values represent the
DOS of up and down spins, respectively. The Fermi level is set to be 0 eV.

results suggest that our obtained critical exponents are reliable
and intrinsic. The obtained critical exponents of AsNCr3 by
different methods, as well as those from different theoretical
models, are listed in Table III for comparison. It is found that
our obtained γ , β, and δ are quite close to the values of the
mean-field model, indicating that the FM coupling in AsNCr3

is a long-range interaction.
Besides, the universality class of the magnetic phase tran-

sition mainly depends on the exchange interaction J (r) for a
homogeneous magnet [44]. A renormalization group theory
analysis suggests a long-range attractive interactions decay as
J (r) ∼ r−(d+σ ), where d and σ are the spatial dimension and
a constant, respectively [45]. For the long-range interaction, σ
can be determined by the following equation [44–46]:

γ = 1 + 4(n + 2)

d(n + 8)
�σ + 8(n + 2)(n − 4)

d2(n + 8)2

×
[

1 + 2G(d/2)(7n + 20)

(n − 4)(n + 8)

]
�σ 2, (11)

where �σ = (σ − d/2) and G(d/2) = 3 − (d/2)2/4, n is the
spin dimensionality. For a three-dimensional system, d = 3,
and there is a relation J (r) ∼ r−(3+σ ). When σ � 2, the
three-dimension Heisenberg model (β = 0.365, γ = 1.386,
and δ = 4.8) is valid and J (r) decreases faster than r−5.
For σ � 3/2, the mean-field model (β = 0.5, γ = 1.0, and
δ = 3.0) is satisfied, where J (r) decreases slower than r−4.5

[44]. According to Eq. (11), the value of σ for AsNCr3 is about
1.319(2) � 3/2, confirming the long-range magnetic coupling.

C. First-principles calculations

To investigate the origin of the long-range magnetic order-
ing in our system, we carried out first-principles calculations
for the tetragonal AsNCr3 and, for comparison, the results of
the cubic structure are also shown. The occurrence of the mag-
netic ordering can be firstly evaluated by the Stoner criterion,
which is expressed as N (EF )×I > 1, where N (EF ) denotes
the number of DOS at the Fermi level in the nonmagnetic
state. I is the Stoner exchange parameter and can be estimated
based on the relation �Eex = m×I , where �Eex and m are the
exchange splitting energy and magnetic moment, respectively
[47]. The �Eex between the spin-up and spin-down bands are
estimated from the total DOS shown in Figs. 6(a) and 6(c)
for cubic and tetragonal AsNCr3, respectively. Here we only
consider a collinear ferromagnetic configuration where the
spins of all the Cr atoms are parallel to each other. All the
parameters for the Stoner criterion are listed in Table IV. We
can see that the Stoner criterion is satisfied for both the cubic
and tetragonal symmetries and thus the ferromagnetism arises
in both of the two structures.

TABLE IV. Calculated N (EF ), �Eex, m, I , and N (EF )×I for
cubic and tetragonal-antiperovskite structures.

N (EF ) �Eex m I

Symmetry (states/eV/spin) (eV) (μB/f.u.) (eV) N (EF ) × I

Cubic 4.18 0.70 2.46 0.28 1.17
Tetragonal 2.93 0.80 2.31 0.35 1.03
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It is well known that for most of the antiperovskite com-
pounds AXM3 with a cubic symmetry, there is a strong
hybridization of M-3d and X-2p states in M6X octahedra
[17,44,48]. To further investigate the origin of the magnetic
ordering, we show in Figs. 6(b) and 6(d) the partial DOS. We
can see that for both structures, the DOS near the Fermi level is
dominated by the Cr-3d states, which is the same as in the other
AXM3 systems [49]. However, in AsNCr3, besides a strong
hybridization between Cr-3d and N-2p states, we also observe
a strong hybridization between Cr-3d and As-4p states near the
Fermi level, for both the cubic and tetragonal structures. The
difference between the two structures is that the tetragonal one
has a much wider bandwidth in the vicinity of the Fermi level.
Therefore, the Cr-3d electrons are much more itinerant in the
tetragonal AsNCr3, giving rise to the itinerant magnetism. In
fact, the itinerant ferromagnetism of AsNCr3 is also confirmed
by the Rhodes-Wolfarth ratio as discussed above. Thus, the
strong hybridization between Cr-3d and N-2p states as well as
between Cr-3d and As-4p states may be an important factor
to result in the long-range J (r) in our system.

IV. CONCLUSIONS

In summary, the synthesis, structure, and magnetic and
electrical/thermal transport properties of tetragonal-
antiperovskite AsNCr3 have been investigated systematically.
A second-order FM-PM transition at 243 K was observed,
where the resistivity curve exhibits a kink and the specific
heat also shows a peak. The metallic behavior over the whole
measured temperature range (2–300 K) and low-temperature
Fermi liquid behavior were suggested by the resistivity
curve of AsNCr3. Given the experimental parameters of

magnetism, resistivity, low-temperature specific heat, the
weak electron-electron correlation were confirmed by both the
RKW = 0.493a0 < a0[a0 = 1.0×10−5 μ
 cm/(mJ/mol K)2]
and RW = 0.894 < 2. The value of RWR = 1.312 > 1
indicates an itinerant ferromagnetism in AsNCr3. Consistently,
critical exponents obtained by using different methods
[MAP: β = 0.461(3), γ = 0.912(5), and δ = 2.978(2);
KF: β = 0.469(1), γ = 0.885(2), and δ = 2.887(3);
CI: δ = 2.918(2)] are very close to the theoretical
values of the mean-field model (β = 0.5, γ = 1.0, and
δ = 3.0), indicating the existence of a long-range FM
interaction in AsNCr3. Furthermore, the obtained exchange
interaction distance J (r) ∼ r−4.3 decreases more slowly
than the value of mean-field model [J (r) ∼ r−4.5], further
confirming the long-range FM coupling in our system.
The strong hybridization between Cr-3d and N-2p states
as well as between Cr-3d and As-4p states may be
responsible for the long-range itinerant ferromagnetism
in tetragonal-antiperovskite AsNCr3.
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