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Abstract 

Magnetic frustration in insulators often induces cooperative atomic displacements to 

form polar structure with long-range ordered electric dipoles, commonly known as 

improper multiferroics. In metals, such multiferroic phenomenon is not expected to 

occur because free carriers tend to screen internal electrostatic forces, eliminating long-

range ordered electric dipoles. To date, intrinsic multiferroic-like metals have rarely 

been reported. Here we present a spin-frustration-induced long-range antiparallel 

ordering of electric dipoles in metallic CrN with an unusual antiferromagnetic ground 

state. Two equivalent magnetic structures are also identified and linked to two distinct 

antiparallel polar orders. Such a scenario is analogous to that of conventional improper 

multiferroics with a magnetic origin of polar transition. The order parameter of 

structural distortion is linearly coupled to the magnetic order, due to a strong 

magnetoelectric effect. The multiferroic-like metal is in striking contrast to insulating 

multiferroics, offering an extraordinary archetype for probing new underlying physics 

and exploring unusual properties for practical applications. 
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Introduction 

   Multiferroics with intimately coupled magnetism and (anti)ferroelectricity are 

found in strongly correlated insulators [1-5], especially the 3d transition-metal oxides 

with localized 3d electrons that are a crucial ingredient for producing magnetism. Most 

of these materials often have a peculiar antiferromagnetic (AFM) ground state with 

involvement of a complex magnetic order and frustrated spin, which is key to inducing 

the long-range ordered electric dipoles for (anti)ferroelectricity [3,4]. However, in most 

metallic oxides, conductive electrons are closely related to the delocalized 3d electrons, 

which are mutually exclusive with AFM ordering where electron localization is 

required. On the other hand, free carriers in metals tend to eliminate the cooperative 

alignment of electric dipoles and eventually preclude the (anti)ferroelectricity [6-9]. 

Thus, it is exceedingly unusual to find an intrinsic polar metal with coexisting long-

range magnetic order. 

Possibility of coexisting contra-indicated properties of both polarity and 

metallicity in a material to form “ferroelectric” metal was predicted by Anderson and 

Blount in 1965[7]. In fact, such polar metals are not uncommon and was reported in a 

number of non-centrosymmetric materials [8,10], but none of them exhibit a nonpolar-

to-polar transition under external fields. A recent surge of studies along this direction 

has led to the discovery of a few rare cases of polar transitions in metallic materials. A 

convincing example is metallic LiOsO3, which exhibits a ferroelectric-like transition as 

a result of anisotropic displacement of Li ions [6,11,12]. An electrically or chemically 

switchable polarity was recently identified in atomically-thin layers of WTe2 and 1T-
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MoTe2, due to the electron-hole correlation effect [13,14]. In principle, the polar metals 

can be tuned by introducing a weak electron-lattice coupling [10]. Perovskite oxides 

(i.e., ABO3), such as geometrically designed NdNiO3 thin films [15], are in this regard 

the best candidates, where the B ions contribute partially-occupied delocalized states at 

the Fermi level for conduction, which are decoupled from electric polarization 

associated with the A ions. The driving force for polar displacement in thin-film 

NdNiO3 is the local suppression of NiO6 tilt angle by the substrate [15]. A weakly 

coupled electron mechanism was also revealed in LiOsO3 [16], and a few polar metal 

candidates were recently reported in complex compounds [17-19]. However, those 

ferroelectric-like metals are either geometrically or electronically stabilized without 

involving magnetism. Possible multiferroic-like metals with undetectable polarity were 

recently studied (e.g., Pb2CoOsO6) [20,21]. By now, no other polar or antipolar metal 

has been found to have a magnetic origin. 

Here we show that CrN is an intrinsic metal and undergoes an antiferroelectric 

(AFE)-like transition at low temperatures, driven by a frustrated AFM ordering that is 

associated with the localized Cr: t2g electrons. The metallicity originates from the 

hybridization of Cr: eg - N: p orbitals, which decouples from the soft phonons that are 

linked to the antiparallel ordering of electric dipoles. The phase transition and 

magnetoelectric effect are well explored and a ferrielectric (FERRI)-like metal CrN is 

predicted under epitaxial strain. 
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Results and Discussion 

Because of experimental difficulties in preparing well-crystallized bulk sample, 

properties of CrN have not been well understood [22-28]. Based on high-pressure 

synthesized high-quality CrN [29,30], we performed low-temperature (T) neutron 

powder diffraction (NPD) measurement [31] (Fig. 1). Experimental details are 

described in the Supplemental Material[32].  

 
Fig. 1. Low-T neutron diffraction, resistivity, cryogenic TEM measurements. (a) Selected 

NPD patterns (90º bank). (b) High-resolution NPD pattern collected at 10 K (144º bank). Black 

and cyan lines represent the calculated using the nonpolar and polar structures, respectively. (c) 

Two equivalent structures of o-CrN: AFM-I and AFM-II. Red and black arrows denote the spin 

and atomic polarizations, respectively. (d) Refined xCr and xN and their relative shift for 

both AFM-I and AFM-II. (e) Cryo-TEM images taken at 77 K. Insets are structure and electron 

diffraction patterns. (f) Low-T electrical resistivity measurement. 

 

   A paramagnetic (PM)-to-AFM phase transition starts at TN  270 K, coupled with 

a cubic (c)-to-orthorhombic (o) transition [Fig. 1(a)]. Using the reported Pnma structure 

as an initial model of o-CrN, atomic positions of Cr: 4c (xCr, 1/4, zCr) and N: 4c (xN, 

1/4, zN) are accurately determined with xCr = 0.1398(5) and xN = 0.1148(2) at 10 K 
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(Table S1). Note that the best refinement can only be achieved at fixed zCr= 1/4 and 

zN = 3/4, indicating that Pnma may not be the most suitable structure. Instead, our 

symmetry analysis indicated that Pmmn with a higher symmetry is more favored. The 

refined magnetic structure has a 𝑃𝑎𝑛𝑚𝑎 symmetry, a maximal subgroup of Pmmn [Fig. 

1(b) and Figs. S1-S4]. Table 1 summarizes the refined magnetic and nuclear lattice 

parameters for both phases; a 2×1×1 Pmmn super cell is used for properly describing 

both the nuclear and magnetic structures of o-CrN (Table S1). Both xCr  and xN 

deviate slightly from the ideal position of 1/8 and 5/8 (i.e., a nonpolar structure), 

resulting in a series of additional nuclear reflections (e.g., 211, 401, 213, 421, 611, 423, 

and 613). Such position deviations lead to a relative shift of positive and negative 

electric charges in opposite directions, producing local electric dipoles along the a-axis 

[Fig. 1(c)]. The resultant local polar sites 2a and 2b with a mm2 symmetry belonging 

to a polar subgroup of mmm suggests an antiferroelectric-like transition [33] (Table 1). 

In fact, this long-range antiparallel ordering of dipoles formed by stacking of 

ferroelectric-like layers along the b-axis resembles that of traditional antiferroelectrics 

with similar centrosymmetric orthorhombic structures (e.g., PbZrO3) [34]. Although the 

possible atomic distortion in o-CrN was previously evaluated [22], the nonpolar model 

is still the most frequently used and the structural ambiguity remains ignored. 

[23,26,35].  

   Magnetic refinement shows that o-CrN adopts an unusual AFM structure [Fig. 1(c)], 

as manifested by alternate stacking of double ferromagnetic sheets along the a-axis with 

a refined magnetic moment of 2.35(5) μB for Cr ions, close to previous reports [22,26]. 
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According to the Goodenough-Kanamori Rules[36,37], this material is strongly AFM 

type, mainly due to the strong Cr-Cr magnetic interaction (Fig. S4). Interestingly, there 

exists an equivalent AFM phase with different spin orientations, leading to opposite 

shifts of atomic positions to xCr
′  = 0.1102(5) and 0.6102(5) and xN

′  = 0.1352(2) and 

0.6352(2) at 10 K. These two structural equivalents are denoted hereafter as AFM-I and 

AFM-II; they are mutually related by a mirror symmetry. Relative to their nonpolar 

positions of x = 1/8 and 5/8, both Cr and N atoms in the two structural equivalents have 

the same shifts of ∆𝑥𝐶𝑟= 0.014 and ∆𝑥𝑁= 0.011, respectively, and are nearly invariant 

at 10 - 270 K, showing a relative shift of ∆𝑥 = 0.025 between Cr and N [Fig. 1(d)].  

Table 1. Refined nuclear and magnetic structural parameters for CrN. 

 Cubic (297 K) Orthorhombic (10 K) 

  AFM-I AFM-II 

Symmetry Fm3̅m (No. 225) Pmmn (No. 59) Pmmn (No. 59) 

a (Å) 4.1515 (5) 5.7693(1) 5.7693(1) 

b (Å) - 2.9711(1) 2.9711(1) 

c (Å) - 4.1413(1) 4.1413(1) 

Cr 4a, (0, 0, 0) 2a (0.1398(5), 1/4, 1/4) 2a (0.1102(5), 1/4, 1/4) 

  2a (0.6398(5), 1/4, 1/4) 2a (0.6102(5), 1/4, 1/4) 

N 4b, (1/2, 1/2, 1/2) 2b (0.1148(2), 1/4, 3/4) 2b (0.1352(2), 1/4, 3/4) 

  2b (0.6148(2), 1/4, 3/4) 2b (0.6352(2), 1/4, 3/4) 

Moment (𝜇𝐵/Cr) - 2.35(5) 2.35(5) 

wRP 3.1 1.6 1.6 

The magnetic symmetry 𝑃𝑎𝑛𝑚𝑎 can be well described by a 2×1×1 Pmmn super cell with constrained coordinates: 

the two Cr: 2a and two N: 2b sites are fixed to be ½ along the a-axis (see Table S1). 

   The structural transition is confirmed by cryogenic transmission-electron 

microscopy (cryo-TEM) measurement; the electron diffraction pattern at 77 K can be 

indexed by o-CrN [Fig. 1(e)]. Along certain crystallographic directions (e.g., [120]), the 

extra peaks (e.g., 211) can be identified due to antiparallel atomic distortion. Besides, 

the intrinsic metallicity of both c- and o-CrN is determined by low-T resistivity 
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measurement [Fig. 1(f)]. A clear resistivity drop across TN corresponds to the 

magnetostructural transition, and the measured resistivity is small and decreases with 

decreasing temperature for both phases, indicating their metallic behaviors [38,39].  

To gain insights into the electronic structures of o-CrN, we calculated its band 

structure and projected density of states (DOS) [Figs. 2(a)-2(b)]. Note that the Hubbard 

potential U = 0.5 eV is an appropriate value for reproducing its magnetic moment, 

metallicity, and phonon instability (Figs. S5-S10). The deformed octahedral crystal 

field in o-CrN splits the Cr: 3d orbitals into t2g and eg states [Fig. 2(c)]. All three 

unpaired d-electrons tend to occupy t2g orbitals below the Fermi level to form t2g-t2g 

band, indicative of spatially localized t2g electrons. In o-CrN, their spins orientate to 

form an AFM order through a delicate competition between direct t2g-t2g AFM and 

ferromagnetic (FM) t2g-N-t2g exchange interactions [Figs. 2(a)-2(b) and Fig. S4].  

The partially filled states around the Fermi level are predominated by the 

hybridization of Cr: eg and N: p orbitals to form collectively shared states, which 

provide the only possible channel network for conducting electrons. The itinerant 

electrons could screen the Coulomb repulsion of t2g electrons, leading to a small U for 

CrN, much smaller than that of ~3 eV for most insulating Cr-bearing compounds[40]. 

c-CrN also has similar partially filled states (i.e., metallic) (Fig. S7), confirming a 

metal-to-metal transition across TN (Fig. 1). The decoupling of electronic transition 

from spin ordering would account for the coexistence of AFM and metallicity in CrN. 



8 
 

 

Fig. 2. Electronic structure, stability, and magnetostructural properties. (a) Band structure 

of o-CrN. The dots in different colors denote contributions from Cr: 3d and N: 2p states. (b) 

Projected DOS for o-CrN. (c) Spin states of CrN. (d) Potential energies vs. normalized 

antiparallel atomic distortion along the a-axis. (e) Phonon dispersions of c-CrN. (f) Structure 

of o-CrN and Ising-like spin chain. (g) Schematic diagram of lattice modulations by the 

frustrated spin chain of Cr atoms in o-CrN. The magenta circles denote collinearly aligned Cr 

atoms of the nonpolar phase. 

 

   In contrast to the FM model [Fig. 2(d)], calculations based on the AFM models 

reveal the bistability of CrN, as manifested by two single-well energy profiles with 

minimums located at atomic distortion amplitude of 1, which explains the observed 

two equivalent AFM ground states [Fig. 1(c)]. With increasing distortion amplitude, a 

rapid decrease of energy penalty for both AFM models indicates the antiparallel atomic 

distortion is energetically favored. Evidently, both the spin and polar orderings in o-

CrN originate from Cr atoms, which is the physical origin of coexisting polarity and 

magnetism in CrN. 
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   Because of the spontaneous AFE-like transition in CrN, phonon instability of c-CrN 

should occur, as observed in traditional ferroelectrics [34]. We thus calculate the 

phonon dispersions for both phases using various magnetic models at selected U values 

and lattice parameters [Fig. 2(e) and Fig. S8]. Different from the situations in PbZrO3 

with soft transverse optical and acoustic branches [34,41,42], the structural instability 

in c-CrN is solely related to a soft phonon mode along the Γ-X line, resulting in 

antiparallel atomic displacements. Because a single unstable phonon mode cannot lead 

to antiferroelectric transition[34], other parameter is also at play. Spin ordering is the 

most possible factor that works cooperatively with soft structural mode for polar 

transition in CrN [Fig. 2(e)]. Our calculations show that the structural instability of c-

CrN disappears in the FM model, suggesting a strong coupling of spin and polar 

orderings. A similar coupling in BiFeO3 was recently recognized as electroacoustic 

magnon [43]. As expected, no phonon instability is observed in o-CrN (Fig. S8). 

   Origin of polar distortion in CrN can be elucidated from the ordering of spins and 

electric dipoles [Fig. 2(f)]. The buckling of Cr-N planes along the c-axis results in a 

relative shift of positive and negative charges of CrN6 octahedra, leading to 

antiparallelly aligned electric dipoles. An Ising-like chain of frustrated spins occurs in 

the (201) plane with a large spin-frustration magnitude in comparable with that of 

ZrCr2O4 [44,45] (Fig. S4), which is the primary driving factor for producing antiparallel 

atomic distortions, resembling that of conventional improper ferroelectricity with a 

magnetic origin. Obviously, the nearest neighboring Cr atoms with antiparallel spins 

are pulled toward each other, whereas they mutually repel away when their spins are 
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parallel [Fig. 2(g)], which relieves frustration and leads to local polar distortion and 

dipole ordering [Fig. 1(c) and Figs. S3-S4].  

The intriguing multiferroic-like transition in CrN can be understood within the 

framework of Landau theory [46]. With the allowed symmetry invariances, the energy 

EO of low-symmetric o-CrN can be expanded in terms of distortions from high-

symmetric c-CrN. Let X5
−  and 𝑚𝑆𝑀3

+  denote the antiparallel atomic displacement 

and spin polarization at the X and SM points of the Brillouin zone, respectively [Fig. 

3(a)]. Neglecting the homogeneous strains and high-order coupling terms, the energy 

of low-symmetric phase is given by  

𝐸𝑂 = 𝐸𝐶 + 𝐶20𝑄𝑋5
−

2 + 𝐶40𝑄𝑋5
−

4 + 𝐶60𝑄𝑋5
−

6 + 𝐶02𝑄𝑚𝑆𝑀3
+

2 + 𝐶04𝑄𝑚𝑆𝑀3
+

4  

+ 𝐶22𝑄𝑋5
−

2 ∙ 𝑄𝑚𝑆𝑀3
+

2 + 𝐶12𝑄𝑋5
− ∙ 𝑄𝑚𝑆𝑀3

+
2            (1), 

where 𝑄𝑋5
−and 𝑄𝑚𝑆𝑀3

+  are the associated order parameters. The normalized atomic 

displacement and magnetic moment for o-CrN are 𝑄𝑋5
− = 1 (i.e., relative shift ∆x  

0.025) and 𝑄𝑚𝑆𝑀3
+   = 1 (i.e., 2.33 μB ), respectively, in contrast to those in non-

magnetic c-CrN with 𝑄𝑋5
−  = 𝑄𝑚𝑆𝑀3

+   = 0. The last two terms  𝑄𝑋5
−

2 ∙

𝑄𝑚𝑆𝑀3
+

2   and  𝑄𝑋5
− ∙ 𝑄𝑚𝑆𝑀3

+
2  correspond to magnetoelectric coupling. Constrained 

calculations give  𝐶20 (-0.315),  𝐶40 (0.111),  𝐶60 (0.027),  𝐶02 (-

6.046), 𝐶04(3.111), 𝐶22(0.362) and 𝐶12(-0.539) in a unit of eV. The negative 𝐶12 and 

positive 𝐶22  of the magnetoelectric coupling terms imply strong cooperative 

interaction and competition between the polar and spin orderings. This, combined with 

the fact that the magnetic 𝑃𝑎𝑛𝑚𝑎  symmetry is a subgroup of the nuclear Pmmn 
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symmetry, leads to a definitive conclusion that the magnetism plays a predominant role 

for the phase transition, according to the well-established symmetry criterion[47,48]. 

Our ab initio molecular dynamics simulations further reveal that the magnetism is 

indeed primary for initiating lattice instability in CrN (Fig. S10), consistent with 

previous reports[49,50]. However, because of the inadequacy of nonmagnetic 

calculations, a negative value is produced for the otherwise non-negative  𝐶20 (Fig. 

S10) that is related to the phonon instability at the X  point. A wrinkled energy 

landscape is thus obtained for CrN with a minimum at 𝑄𝑋5
− = 𝑄𝑚𝑆𝑀3

+ = 1 for AFM-I 

[Fig. 3(b)], and a degenerated state is located at  𝑄𝑋5
− = −1  and  𝑄𝑚𝑆𝑀3

+ = 1  for 

AFM-II (Fig. S9). Clearly, the stability of o-CrN is dominant by the spin distortion, 

signaling an improper multiferroic-like transition. The linear coupling term 𝑄𝑋5
− in Eq. 

1 indicates a strong magnetoelectric effect, similar to that of magnetocaloric 

materials[51].  

 

Fig. 3. Coupling of magnetic and polar orderings and calculations of strain-induced 

ferrielectric-like CrN. (a) AFE-like atomic displacements and AFM ordering associated with 

X5
−  and mSM3

+  modes, respectively. (b) Calculated energy in terms of both X5
−  and 

mSM3
+ amplitudes, using the AFM-I ordering (see Fig. S9 for that of AFM-II model and overall 

energy). The X5
− amplitude corresponds to the normalized shift of Cr relative to N along the 

a-axis. (c) Energy comparison between FERRI- and AFE-like phases under tensile epitaxial 

strain with a difference of ∆E. Inset is a structure of FERRI-like phase (Fig. S11). 
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Considering the combined properties of metallicity, antiferroelectricity and 

antiferromagnetism in CrN, it is barely possible to manipulate its spin or charge by 

external fields. To make it technologically relevant, a net nonzero polarized CrN is a 

pre-requisite, which could be realized in epitaxially strained sample. Indeed, under 

epitaxial tensile strain in excess of 3%, our calculations show that the magnetostructural 

transition can spontaneously occur to form an energetically more favorable 

ferrielectric-like CrN [Fig. 3(c) and Fig. S11], while the metallicity is retained, making 

the control of its spins or charges by external fields possible. The metallicity disappears 

when the strain exceeds 5.0% with a metal-insulator transition. 

Conclusions 

In summary, CrN is identified as a rare metal that undergoes an improper 

multiferroic-like transition at low temperature. The polar order is linearly coupled and 

strongly driven by a frustrated antiferromagnetic spin ordering. Epitaxially strained o-

CrN is also predicted to be a ferrielectric-like metal with tunable spin and charge. 

Coexistence of contra-indicated properties in CrN would provide a new platform for 

studies of diverse coupled phenomena (e.g., unconventional magnetoelectricity and 

complex spin-lattice coupling) and pave a way for designing unusual multiferroic-like 

metals by resorting to the magnetoelectric effect. 
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