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Calculations using the LSDA+U �local spin-density approximation corrected by Hubbard Coulomb terms
for the d electrons� approach show that CrN is close to a charge-transfer insulator transition. The values of U
are estimated in various ways, including the recently developed linear-response approach. With reasonable
values of U in the range of 3–5 eV it is found that the density of states near the Fermi level is strongly depleted
by the spin separation of the states. In the case of the antiferromagnetic �AFM�-�110�2 configuration a small
gap actually opens even for U as small as 3 eV. Furthermore a smallest direct gap of about 1 eV can be seen
in these band structures and could be responsible for the onset of strong optical absorption observed to occur
at 0.7 eV. The tendency of opening the gap is found to be strongest in the actually observed AFM-�110�2

structure below the Néel temperature. The widely varying transport data in the literature are critically exam-
ined. They indicate a gap smaller than 0.1 eV, consistent with the present calculations, a strong influence of
N-vacancy-induced doping carriers and possibly localization effects associated with the distortions accompa-
nying the loss of antiferromagnetic ordering above the Néel temperature.
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I. INTRODUCTION

The transition-metal �TM� nitrides such as the transition-
metal carbides are known as refractory hard metallic com-
pounds characterized by high hardness, excellent electrical
and thermal conductivities, and good corrosion resistance.1,2

They are extremely good for high-temperature oxidation pro-
tection coatings. Most of their technological applications in
thin film or bulk form have been based on this favorable
combination of properties. Recently, their electronic and
magnetic properties have also received renewed attention.3–6

VN �Ref. 7� has been found to be superconducting and re-
cently TiN has been proposed to be a superinsulator.8

Among the transition-metal nitrides, CrN has a unique
antiferromagnetic �AFM� configuration.9 At room tempera-
ture, CrN is paramagnetic and has the rocksalt structure with
lattice constant ac=4.14 Å. However, upon cooling below
273–286 K, a simultaneous structural and magnetic phase
transition takes place. The magnetic ordering is such that
pairs of ferromagnetic �FM� planes with alternating spin
directions9–12 are aligned perpendicular to the �110� direc-
tion. This phase transition is accompanied by a �0.56–0.59�%
increase in the atomic density and a distortion of the struc-
ture which becomes orthorhombic Pmna. It shows hysteresis
of 2–3 K and the transition width is extremely sensitive to
the N concentration. Corliss et al.9 measured a magnetic mo-
ment of 2.36�B per Cr atom. Another experiment by Ibber-
son and Cywinski11 reported a larger value of about 3.17�B
per Cr atom.

Given the fundamental and technological interest in CrN a
lot of experimental and theoretical work has been done. Al-
though the structural properties and magnetic properties of
CrN are thus well established, the same cannot be said about
the electrical properties. Early results10,13 obtained a resistiv-
ity as a function of temperature with metallic behavior. The
samples used were either powders or polycrystalline films. In
these studies CrN showed metallic behavior both in the para-
magnetic state and in the antiferromagnetic state below 286

K, although the resistivity dropped by �30–70�% below the
transition. Herle et al.14 did measurements on chemically
synthesized CrN powder and their resistivity measurements
indicate semiconductor behavior with a band gap of 0.09 eV
as measured from resistivity. Constantin et al.15 measured
resistivity of single-phase CrN1−x with x�0.05 thin films
which were grown on a MgO �001� substrate using
molecular-beam epitaxy. These films show semiconductor
behavior for temperatures above 285 K with a band gap of
0.07 eV, but below 260 K metallic behavior is observed.
Their data show a hysteresis of about 20 K width. On the
other hand, Gall et al.16 using a magnetron sputter deposition
technique17 grew crystalline thin films of CrN1−x with x
�0.03 also oriented along �001� and on MgO �001� sub-
strates and reported distinct semiconductor characteristics for
a large range in temperature without any discontinuities. In
fact, no structural transformation is observed in his data
which all pertain to the rocksalt structure. Magnetic proper-
ties were not measured, so it is not clear if his films undergo
a transition to an ordered AFM phase or not. They also mea-
sured optical absorption and concluded that there is an opti-
cal band gap of 0.7 eV. They hence suggested that CrN could
be a Mott-Hubbard-type insulator in the sense that the corre-
lation energy drives the opening of the gap.

Not only do the different groups disagree on the tempera-
ture behavior of the resistivity, but they also disagree on the
order of magnitude. Remarkably, the resistivities measured
by the different groups show up to 6 orders of magnitude
difference among them. References 10 and 15 obtain resis-
tivities on the order of m� cm at room temperature while
Ref. 14 obtains k� cm resistivities. This large variation
among experimental data suggests that this is influenced pri-
marily by defects, in particular N concentration. In the case
of powder samples the grain boundaries could also play a
significant role. Among the various measurements, the ones
of Gall et al.16 stand out because they provide the only op-
tical measurements of a gap and a much larger gap is de-
duced than in any of the previous experiments.
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On the theory front Filippetti et al.,18,19 using local spin-
density approximation �LSDA�, find that assuming cubic
symmetry the lowest energy occurs for AFM ordering along
�110� but with the spins changing every layer instead of ev-
ery two layers. We will denote this as �110�1 and note that
this is equivalent to �001�1 and is usually called the AFM-I
ordering. If the orthorhombic distortion Pnma is applied,
however, they find that the experimentally observed �110�2
magnetic ordering becomes the ground state. They explain
this in terms of a magnetic stress: bonds between antiferro-
magnetically coupled neighbors are under tensile stress,
while bonds between ferromagnetically coupled atoms are
under compressive stress. In the �110�2 magnetic configura-
tions, the stress can be relieved by an orthorhombic distor-
tion because in the �001� plane, two of its neighbors are
AFM coupled and two are FM, while in the �110�1 structure,
it cannot be relieved because all four nearest-neighbor Cr
atoms are FM coupled. This forces the system to go from
cubic to orthorhombic accompanied by a shear compression
of 2% along the �110� direction. The orthorhombic to cubic
structure is connected by a=2ac sin�� /2�, b=ac cos�� /2�,
and c=ac with � slightly less than 90°. In terms of electronic
structure, non-spin-polarized calculations show a high peak
in the density of states �DOS� at the Fermi level. Once mag-
netic moments are formed, the states split and the Fermi
level moves to a valley in the DOS, independently of the
ordering, whether FM, AFM �110�1, or �110�2. However,
LSDA shows definitely a metallic behavior. Because the
DOS at the Fermi level is small, it could be called a weak
metal.

However, it is well known from studies of TM oxides and
related materials that LSDA underestimates the Coulomb ef-
fects of the narrow d bands and hence can erroneously pre-
dict metallic behavior in systems which actually do have a
band gap. The so-called “LSDA+U” �LSDA corrected by
Hubbard Coulomb terms for the d electrons� method has
been very successful in describing systems with very strong
electronic correlations. The question is if this is also the case
for moderately correlated early TM nitrides, such as CrN.
The LSDA+U approach, introduced by Anisimov et al.20

adds the orbital-dependent Coulomb interactions to LSDA
and subtracts their average behavior so as to avoid double
counting. In this paper we study how the LSDA+U approach
affects the electronic structure and whether it supports a
Mott-insulator behavior.

The computational method, in particular the LSDA+U,
aspects are described in Sec. II. An important question is of
course, what values of U are appropriate for the nitrides. In
the next section �Sec. II A� we present various estimates of
U, including a recent approach by Cococcioni and de
Gironcoli.21 However, we take mostly an empirical approach
to this question and use our estimates only as a guide to
determine a reasonable range of values. We then examine
how the properties behave as function of U. An important
consideration here is that if we apply LSDA+U theory to
CrN, we should also make sure to still obtain physically
correct results for the neighboring TiN, VN, and MnN with
similar values of U. In particular, it is well known that all of
these are metallic and furthermore TiN and VN are not even
magnetic. We next present results for FM, AFM �110�1, and

AFM �110�2 CrN as functions of U in Sec. III. We also check
the results for TiN, VN, and MnN. In Sec. IV we present a
discussion of our results in the context of a critical examina-
tion of the available experimental data and make an attempt
at clarifying the seemingly contradictory transport results.
Finally, we summarize our conclusions in Sec. V.

II. COMPUTATIONAL METHOD

We use the density-functional theory �DFT� method in the
local spin density approximation �LSDA� �Ref. 22� with the
exchange-correlation parametrization by von Barth and
Hedin23 in the full potential �FP� linear muffin-tin orbital
�LMTO� method.24,25 The FP-LMTO method uses a highly
optimized basis set consisting of muffin-tin orbitals with
smoothed Hankel functions as envelope functions. The
smooth interstitial quantities are calculated using a fine Fou-
rier transform mesh and the Brillouin-zone �BZ� integration
is carried out using the tetrahedron method with a well-
converged k mesh based on the division of reciprocal unit
cell in ten equal parts in each direction for structures with
cubic symmetry and for the orthorhombic structure by an
equivalent density.

The partially filled localized 3d orbitals are treated using
the LSDA+U method,20 treating the double-counting terms
in the fully localized limit.26,27 This means that LSDA is
expected to produce the correct solution in the atomic limit
with integer occupations nm�=1 or 0 rather than the mean-
field uniform occupations nm�=N� / �2l+1�, where N� is the
total number of electrons of a given spin. Thus, in this
atomic limit the double-counting term exactly cancels the
explicitly added U terms. This is the more plausible assump-
tion for strongly correlated systems. The program follows the
rotationally invariant formulation of Liechtenstein et al.,28

which is written in terms of density matrices rather than oc-
cupation numbers in a specific basis set of localized orbitals.
In a rotationally averaged approximation,29 we have

ELSDA+U = ELSDA +
�U − J�

2 �
�

�Tr �� − Tr��� · ���� . �1�

Our actual implementation has a more complex interaction
and double-counting term, which includes the nonspherical
terms describing the m dependence of the Coulomb
interaction,28

EU =
1

2�
m�

�mm��Vee�m�m���mm�
�

�m�m�
−� + ��mm��Vee�m�m��

− �mm��Vee�m�m����mm�
�

�m�m�
� , �2�

Edc =
1

2	Un�n − 1� − J�
�

�n��n� − 1��
 , �3�

with n=n↑+n↓ and n�=Tr �� and ELSDA+U=ELSDA+EU
−Edc. Hence open d-shell configurations can be specified by
the choice of the density matrix. In particular, in the present
case, we can start from a density matrix which satisfies cubic
symmetry and with t2g orbitals filled while eg orbitals are
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empty. We note that independent of our starting point this is
the density matrix we approximately converge to. The occu-
pations of the filled states are of course not exactly equal to
1 because of hybridization, but they remain close to 1 to
about 10%. The total-energy functional is then not only a
functional of density but also a function of the density matrix
for d electrons, and taking the derivative with respect to this
density matrix leads to an additional �nonlocal� potential for
d electrons. Again, in the simple spherical average approxi-
mation, this becomes

Vmm�
� = �U − J��1

2
�mm� − �mm�

� � , �4�

while the full expression for the nonspherical case is

Vmm�
� = �

m�m�

�mm��Vee�m�m���m�m�
−� + ��mm��Vee�m�m��

− �mm��Vee�m�m����m�m�
� − U
n −

1

2
� + J
n� −

1

2
� .

�5�

We can see that it will tend to shift up unoccupied states by
�U−J� /2 and occupied states down by �U−J� /2. Further
shifts among different states of different m values are dic-
tated by the nonspherical terms. The Coulomb interactions
�mm��Vee�m�m�� are expressed in terms of Clebsh-Gordon
coefficients and Slater Fk integrals,

�mm��Vee�m�m�� = �
k

ak�mm�m�m��Fk, �6�

which we take from tabulated Hartree-Fock calculations30

except for the F0 term which is strongly screened by the
environment and by definition equal to U. For the d orbitals
the average exchange parameter J is expressed as J= �F2

+F4� /14 and these are assumed not to be influenced by
screening. We use J=0.94 eV. The ratio of F4 /F2 is about
0.625 for all 3d elements.

The LSDA+U method is only one possible way to treat
the d-band Coulomb effects. An alternative approach is the
self-interaction correction �SIC� method.31 We are not aware
of any calculations for CrN or other transition-metal mono-
nitrides using this approach. For monoxides, the two ap-
proaches were compared by Anisimov et al.32 The authors
cautioned in that paper that their LSDA+U had trouble re-
producing the nonmagnetic character of the early monoxides
whereas SIC reproduced this feature correctly. However, this
was an early version of LDA+U, which is somewhat differ-
ent from the presently used rotationally invariant LSDA+U
version. The LSDA+U approach both has the disadvantage
of including an empirical parameter U and the advantage of
simplicity compared to the SIC approach.

A. Estimates of U

Essentially, U is defined by the energy difference33

U = E�dn+1� + E�dn−1� − 2E�dn� , �7�

where each of the total energies refers to the energy of the
localized d-electron system embedded in its environment.

One approach is to calculate these, using a constrained
density-functional approach, in which the hopping from the
local d electron to the other orbitals in the system is turned
off and treating the system as a localized impurity problem.33

Recently, an alternative linear-response formulation was
proposed.21

First, we consider the excited-atom model.34,35 In this
model, one assumes that the screening charge is completely
confined within the atomic sphere in which the d electron is
added or removed. Furthermore, it is argued that it can be
approximately represented by the first unoccupied
orbital.36,37 This is typically a more diffuse orbital and can
thus represent the free-electron-like screening charge piling
up within the atomic sphere of the site on which the d occu-
pation is changed.

In the present case, it is the 4s orbital, and thus we obtain
the following simple expression for U:

U = E�dn+1,sm−1� + E�dn−1,sm+1� − 2E�dn,sm� . �8�

m here is the number of s electrons. We start out with n=4
and m=2 and ignore that a threefold occupation of an s state
violates Pauli’s principle. After all, the s electron here merely
represents screening charge. The total energies are free-atom
total energies calculated in LSDA. A slightly different model
is obtained by doing this calculation spin polarized as fol-
lows:

U = E�d↑
�n/2�+1,d↓

n/2,sm−1� + E�d↑
n/2,d↓

n/2,sm�

− E�d↑
�n/2�+1,d↓

�n/2�−1,sm� + E�d↑
n/2,d↓

�n/2�−1,sm+1� . �9�

The results of these models for Ti, V, Cr, and Mn are given in
Table I. The purely atomic values without any screening fol-
low the same slightly increasing trend with increasing atomic
number and we can see that the screened values correspond
to about 1/6 of the unscreened atomic values. This indicates
an approximate dielectric constant of 6, which seems reason-
able compared to, e.g., the high-frequency dielectric constant
of GaN.

The excited-atom model is meant to represent metallic
type screening and is thus considered an upper limit for the
screening or a lower limit for the U values. We note that
Cococcioni obtain values for metallic Fe which are quite
close between the excited-atom model and their linear-
response approach.

For comparison, it is useful to consider the values in ox-
ides reported by Anisimov et al.32 Unfortunately, these au-
thors did not consider CrO. However, it is clear that for the

TABLE I. Estimates for U. EAM1: unpolarized excited-atom
model and EAM2: spin-polarized excited-atom model; the values in
oxides are from Ref. 32.

Ti V Cr Mn

EAM1 2.24 2.52 2.77 3.0

EAM2 2.42 2.69 3.0 3.28

F0 /6 2.83 3.12 3.06 3.65

Oxides 3.5 4.0 7.8
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other cases, the values in oxides are significantly larger than
in the nitrides and a maximum value for Cr would be about
5 eV. One expects the values in oxides to be larger because
oxides are more ionic and thus have less efficient screening.

Next, we consider the approach of Cococcioni and de
Gironcoli.21 These authors consider the curvature of the total
energy versus occupation numbers, as opposed to consisting
of a piecewise linear function, to be the origin of the error in
local-density approximation �LDA�, which is to be corrected
by the LDA plus Hubbard U �LDA+U� approach. They also
use a constrained DFT approach and consider the difference
between a self-consistently calculated curvature and its non-
interacting Kohn-Sham value as U. In other words,

U =
�2E

�ql
2 −

�2EKS

�ql
2 , �10�

where E is the self-consistent total energy including the
screening when the occupation of the local orbital at site l is
changed, and EKS does not include this screening but merely
includes the effects of hybridization of the local orbital with
the rest of the system. Subtracting this term is thus equiva-
lent to switching off the hopping terms between the local
orbital and the rest of the system in the approach of Ref. 33.
It is obtained by noting that the sum in one-electron eigen-
values �noninteracting Kohn-Sham energy� corresponds to
the energy of the first iteration when shifting the potential of
the d orbital on the lth site. This is essentially the Andersen
force theorem. In fact, instead of changing the occupation
numbers and calculating the corresponding potential shift re-
quired to constrain the occupation to the desired one, they
switch, by means of a Legendre transformation, to treating
the potential shifts as the independently varied parameter.
Thus, their prescription for U becomes

U =
��l

KS

�ql
−

��l

�ql
= ��KS�ll

−1 − �ll
−1, �11�

where �ll�=�ql /��l� is a linear-response function. In practice
the latter is calculated numerically for a supercell in which a
shift �l� is included on site l�. One simply evaluates the
corresponding induced charge on the other d-sites l once
self-consistently and once after the first iteration. One then
needs to invert the � matrices and look for the on-site ele-
ment. We calculate the on-site and Cr-Cr nearest neighbor �ij
in an eight-atom conventional cell. Assuming the more dis-
tant neighbor �ij is zero, we then set up the �ij matrix for a
larger 2	2	2 cell; i.e., we calculate the Fourier transform
�ij�q�=�T�i,j+T for q=0, i.e., the long-range response matrix
and invert this matrix to obtain ���q=0��ii

−1, i.e., the on-site
element of the inverse matrix. These are the quantities enter-
ing the definition of U in Eq. �11�. For CrN, we find a value
of U=3.7 eV, which is somewhat larger than that obtained
within the excited-atom model.

Finally, however, we should remember that all these
simple rotationally averaged estimates give us the value of
Ueff=U−J rather than the actual U value in our nonspherical
LSDA+U implementation. Given the value of J=0.94 eV, a

reasonable range for U in CrN is between about 3.0 and 5.0
eV. The Cococcioni approach would suggest 4.6 eV and the
excited-atom approach 3.7 eV.

III. RESULTS

A. LSDA results

We first need to make sure that our LMTO calculations
reproduce the earlier results with LSDA. For cubic rocksalt
structure the nonpolarized calculations show a high partially
filled peak at the Fermi energy. The spin-polarized calcula-
tions lower the total energy per CrN pair of atoms by 0.17
eV relative to the nonpolarized calculations. Hence the sys-
tem is magnetic. Cr has a magnetic moment of about 2�B per
atom. A magnetic moment of 2�B might be interpreted as Cr
being divalent with a d4 configuration. The threefold-
degenerated majority-spin state t2g

↑ would then be completely
filled while the minority t2g

↓ would have one electron in it and
the eg states of both spins would remain empty because they
are pushed up much higher by the crystal field or covalent
interactions with N. In reality, our calculations give as occu-
pations for the various orbitals: t2g↑, 2.16, t2g↓, 0.73, eg↑ 0.96
and, eg↓ 0.4. Thus, clearly, the eg orbitals are not empty and
the total charge per Cr is 4.25, meaning that the valency is
less than 2. This is consistent with the band structures which
indicate a strong hybridization of the Cr d and N p bands,
showing that we are far from the ionic level and have strong
covalentlike bonding.

In agreement with Filippetti et al.18 we also find that the
observed experimental orthorhombic structure with AFM or-
dering along the �110�2 is the ground state. Also in agree-
ment with their results, we find that the density of states is
reduced near the Fermi energy compared to the spin-
polarized calculations leading to a dip in the density of states
or a weak metal as seen in Fig. 1. Furthermore, the DOS at
the Fermi level is lower in the �110�2 configuration than in
the ferromagnetic configuration by about 10 eV per cell per
spin.

FIG. 1. �Color online� The density of states for spin-polarized
cubic �black� and distorted AFM �110�2 structure �red�.
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B. LSDA+U for FM CrN

To build insight we first consider the “Hubbard-U” effects
on the FM cubic case. We calculated the band structure and
magnetic moments for various values of U.

Figure 2 shows the band structure of FM CrN in both
LSDA and LSDA+U with a value of U=5 eV. This is an
upper limit on the value of U according to our estimates in
Sec. II. The degree of hybridization of Cr d orbitals with
other orbitals is indicated by coloring the bands with a mix-
ture of blue and red with the weight factor of red indicating
the d partial weight at each k point. The reader of the printed
black and white version is referred to the electronic online
version to view this information which cannot conveniently
be provided in any other way. The majority spin is indicated
by solid line and the minority spin by dotted line. One can
see from the purple color that in LSDA, there is a large
amount of hybridization at many k points. Interestingly, the
lowest threefold-degenerate band at 
 is the d-t2g↑ band �as
indicated by its red color� but the lower bands away from 

are predominantly N-2p-like as indicated by their bluish
color. The next eigenvalues at 
 are blue and thus not d-like.
They are the up- and down-spin t1u N p states which are very
close together. Some of the spin-up bands connected to it
change color abruptly and become predominantly d-like as
we move away from 
. The doubly degenerate states at 
 are

the d-eg-like bands. We can see that the minority-spin �down�
eg lies above the Fermi level while the majority spin lies
below it. We can think of the bands connecting to these states
at 
 as predominantly eg-like. The minority spin t2g↓ also lies
below the Fermi level. The N 2p orbitals form strong �
bonds with the Cr eg orbitals because they point directly to-
ward each other. Hence the bands derived from them show
up as bluish purple and the corresponding d-like bands show
up as reddish purple at most k points. An exception occurs at

 where they cannot interact by symmetry. This explains the
abrupt changes in the orbital character of the bands near 

mentioned above. Some of the mainly t2g-orbital-derived
bands show up as almost completely d-like �pure red� along
a large portion of the Brillouin zone, indicating their weak
interaction with N.

When U is switched on, the occupied d bands are down
shifted, while the empty d bands shift up. In particular, we
may notice the large shift of the occupied majority-spin t2g
bands, originating from the d-like threefold-degenerate state
at 
. A gap opens between a N 2p-like valence-band maxi-
mum �VBM� and majority-spin eg bands at 
. The Fermi
level shifts significantly relative to the bands as can be seen,
for example, by the fact that now we see the top of the
N s-like bands in the bottom of the energy window, i.e.,
about 15 eV below the Fermi level. The t2g minority-spin
bands are also shifted up and one of these bands forms the
conduction-band minimum at X. The conduction-band mini-
mum at 
 on the other hand is an eg majority-spin-like band.
The valence-band maximum occurs along 
−K and the in-
direct gap between them is just zero for this value of U. The
smallest direct gap is slightly below 1 eV and one expects a
strong direct transition between parallel bands near 
 along
�=
−X

This situation is sometimes called a “charge-transfer”
insulator.38 The difference between a charge-transfer insula-
tor and a true Mott insulator is that the gap driven by Cou-
lomb interactions occurs not strictly between d states but
between anion p states and metal d states.

It is of interest that if we consider Cr to be nominally
trivalent in the nitride, t2g↑ is then fully occupied and t2g↓ is
fully empty once a gap is opened. The actual density matrix
we obtain is close to this. Clearly, adding a large U brings us
closer to the ionic limit. It also raises the question if the
opening of a gap in CrN is specifically related to the possi-
bility of integer occupation of the t2g↑ states. However, we
emphasize that this is a somewhat oversimplified picture.

As far as the magnetic moments are concerned, even with
a small value of U=1 eV the magnetic moment on Cr atom
increases significantly. This is because the on-site Coulomb
repulsion reduces the p-d hybridization thus increasing the
magnetic moment on Cr. The magnetic moment on Cr atom
varies from 2.6�B for U=1 eV to 3�B for U=5 eV.

C. LSDA+U for AFM CrN

Here, we consider the effect of LSDA+U on different
magnetic configurations. We now use a lower limit of 3 eV
for the value of U. We have already seen that FM CrN still is
metallic in this case. Here we consider distorted AFM �110�2
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FIG. 2. �Color online� Band structure of FM CrN in �a� LSDA
and �b� LSDA+U with U=5 eV. Solid lines: majority spin and
dotted lines: minority spin. The bands are colored with a mix of red
and blue with red in proportion to their d weight and blue corre-
sponding to all other orbitals.
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and cubic AFM �110�1. The bands for these two cases along
with that of FM CrN are shown in Fig. 3 in the BZ relevant
for the �110�2 unit cell for the sake of comparison. The k
points shown correspond to M =� /a ,0 ,0, X=0,� /b ,0, W
=� /a ,3� /2b ,0, and L=0,� /b ,� /c, with the x axis along
the cubic �110� direction in which the spins are ordered and
y perpendicular to it. In other words, the x and y axes are
rotated 45° from the cubic axes. Since the unit cell consists
of four layers in this direction, the bands along 
−X are
essentially those of the fcc 
=
−K−X direction folded in
two and the bands along 
−M are the same bands folded in
four, hence the numerous degeneracies seen at M �and X in

the FM case�. When we consider the AFM-�110�1 order, the
fcc unit cell is doubled since it consists of two layers, and the
bands still stay degenerate at M but some of the degeneracies
we had at X are already lifted. When we consider AFM
�110�2 the bands at M also split.

With this overall understanding of the folding of the
bands in mind, we can now see that the band structure stays
metallic in FM and AFM �110�1 but a gap opens in AFM
�110�2. The band gap in the latter case is about 0.4 eV for
U=3 eV. This gap already starts opening at U�2.5 eV.
Apparently, the AFM-�001�2 configuration, which even in
LSDA suppresses the density of states near EF, helps to open
the gap.

In Fig. 4 we give further information on how the bands
evolve with the value of U for the AFM-�110�2 case. Starting
from a small value of U=1 eV, we find that the first two
bands below EF at 
 move up gradually as we increase U
�the case for U=3 eV is shown in Fig. 3�c�� while the first
band above EF moves down and becomes the highest valence
band. Thus, again, U splits certain bands apart but the behav-
ior is somewhat more complex than in the FM case. The net
effect is that bands are removed from the region near EF and
a gap opens up. The gap is still indirect. When the gap first
opens at U=2.5 eV, the VBM is at W, but eventually for
U=4 eV it moves to M and can become as large as 0.7 eV.
On the other hand, for the AFM �110�1 case, the gap only
just starts to open at U�4 eV and is indirect. A direct gap of
slightly less than 1 eV exists near the 
 point.

(a)

(b)

(c)

FIG. 3. Band structure of �a� FM �solid line: majority and
dashed line: minority spin�, �b� AFM-�110�1, and �c� AFM-�110�2

CrN with U=3 eV and J=0.941 eV all shown in the BZ of AFM
�1100�2.

(a)

(b)

FIG. 4. Band structure of AFM-�110�2 CrN with J=0.941 eV.
�a� U=1 eV and �b� U=5 eV
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Unfortunately, we cannot presently study the paramag-
netic state in which presumably magnetic moments are still
present but point in random directions. However, it appears
that among the three magnetic configurations studied, the
gap is smallest in the FM alignment and largest for the actual
AFM-�110�2 configuration for any given value of U.

Viewing the density of states for all three cases, in Fig. 5
we may note a remarkable resemblance. Although only in the
AFM-�110�2 case a true gap opens, the DOS is quite small at
EF even in the other cases. In conclusion, in all cases, CrN
appears to be at the brink of becoming a charge-transfer in-
sulator, even for fairly small values of U of about 2–3 eV.

D. LSDA+U band structure of TiN, VN, and MnN

Here, we return to the question of the nearby transition-
metal nitrides. Among these, neither TiN nor VN show mag-
netic ordering. VN is known to become superconducting at
low temperature7 and TiN was recently shown to behave as a
superinsulator.8 MnN is known to be an antiferromagnet.6 If
we use similar values of U as suggested in Sec. III A, do we
still obtain reasonable results for TiN, VN, and MnN? Their
band structures for a value of U=5 eV are shown in Figs.
6–8.

As can be seen for VN, the band structure starts to show a
spin splitting for U=5 eV, in disagreement with experiment.
It still is metallic in agreement with experiment. For the
somewhat smaller value of U=3 eV, both TiN and VN stay
nonmagnetic and metallic, although some shifts in the bands
take place from the LSDA band structure. Also for MnN, we
can clearly see that the band structure stays metallic even for
U as large as 7 eV. In this case, the ground state is AFM
�001�1 but for simplicity we here consider the FM state. In
conclusion, values near 3 eV or lower for TM nitrides yield
results in good agreement with the basic facts for TiN, VN,
and MnN but values of 5 eV or larger start giving some
unphysical results.

IV. DISCUSSION

At first sight, the experimental results appear difficult to
reconcile with the data. Although we can obtain a gap as
large as 0.7 eV with a reasonable U value of 4 eV, it occurs
only for the AFM-�110�2 case, which would occur below TN.
On the other hand, the only measurement of a gap as large as
0.7 eV occurs for paramagnetic CrN.16 Perhaps, even more
puzzling, Constantin et al.15 obtain semiconductor behavior
above TN but metallic behavior below TN, which is seem-
ingly exactly opposite to our results.

We thus need to examine not only our results but also the
experiments critically. First of all, the optical-absorption data
show a strong increase in absorption at 0.7 eV but the ab-
sorption does not go to zero below 0.7 eV. The absorption
coefficient is still almost on the order of 104 cm−1 almost
down to zero. This is fairly large for an indirect-gap transi-
tion. However, there is no sign of intraband free-carrier ab-
sorption. On the other hand, the resistivity data of Gall et
al.16 can according to their paper be described by �
=�0 exp��T0 /T� with �0=0.665	10−2 � cm and T0

(a)

(b)

(c)

FIG. 5. �Color online� Partial densities of states for �a� FM, �b�
AFM �110�1, and �c� AFM �110�2 with U=3 eV and J=0.941 eV.
For the AFM cases, the DOS is shown for one of the atoms; the
other atom has of course spin-up and -down reversed. Black solid
lines: Cr d and red dashed lines: N p.
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=1800 K. The temperature behavior is indicative of hop-
pinglike conduction between localized states. If we replot the
same data in a ln � versus 1 /T plot �Fig. 9�, we can indeed
see that the data do not follow a straight line as would be
expected for a normal semiconductor, where the slope would
indicate Eg /2k. It is also clear however that the slopes are
small and indicate a gap of at most 20–40 meV. This is
compatible with the gap deduced by Constantin et al.15 in the
region above TN and also by Herle et al.14 Thus the data
indicate an almost vanishing gap with a very low concentra-
tion of carriers which furthermore appear to become local-
ized and a strong optical transition or large joint density of
states at about 0.7 eV.

This is consistent with our calculated band structure for
FM CrN at U�5 eV or AFM �110�2 at U�3 eV or AFM
�110�1 at U�4 eV. Indeed, in all these cases, which we take
to be as guide for the behavior in the disordered paramag-
netic state, we find a strongly depleted density of states near
the Fermi level with essentially a zero or very small indirect
band gap and a set of nearly parallel bands just below and
above the Fermi level, separated by slightly less than 1 eV,
suggesting that this may be the origin of the 0.7 eV strong
increase in optical absorption. Unfortunately, we cannot di-
rectly deal with the paramagnetic disordered state for which
the optical absorption was measured. At this point, however,

we have no experimental indications that the optical absorp-
tion shows strong changes with magnetic order.

Returning now to the puzzling data of Constantin et al.,15

we first note that the magnitude of their resistivities on the
order of m� cm is similar to the one of Browne et al.10 and
both studies show an increase in resistivity upon going above
TN. The only difference is that the latter obtain metallic tem-
perature behavior above TN while the former obtain semicon-
ductinglike temperature behavior. This is indicative of a
disorder-induced localization. It is well known that localiza-
tion in doped semiconductors depends critically on the car-
rier density. Above a critical density, the system becomes
metallic, while below that density the electrons stay trapped
in local perturbations.39 In the present case, it is likely that
the carriers arise from N vacancies which would act as do-
nors. The main differences between different samples appear
to come from different N concentrations. It is interesting that
the magnetic disorder in the paramagnetic state would seem
to result in effective potential fluctuations which can trap
electrons. It should be recalled that the magnetic transition in
this case is accompanied by a structural transformation.

FIG. 6. Band structure in LDA+U for rocksalt TiN; U=5 eV
and J=0.898 eV.

FIG. 7. Band structure in LDA+U for rocksalt VN; U=5 eV
and J=0.991 eV.

FIG. 8. Band structure in LDA+U for rocksalt MnN; U
=5 eV and J=1.160 eV.

0 0.01 0.02 0.03 0.04 0.05 0.06
1/T

-2

0

2

4

ln
(ρ

(Ω
cm

))

FIG. 9. �Color online� Plot of resistivity data of Gall et al.�Ref.
16� as ln � versus 1 /T. The various straight lines indicate linear fits
to the data �indicated by circles� at low or high T or the full range.
Their slopes provide upper and lower limits of the effective trans-
port gap Eg.
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Thus, it seems conceivable that as the magnetic order is
breaking apart in small local regions, local structural distor-
tions take place and help to localize the carriers. Because the
temperature range measured by Constantin et al.15 above TN
is fairly small, it is difficult to ascertain whether the resistiv-
ity in this regime is better described by a thermally activated
ln ��T−1 or ln ��T−1/2 hopping behavior, although the latter
would be more compatible with the present viewpoint. The
fact that a jump in resistivity occurs at TN indicates that a
strong increase in the strength of the disorder potential oc-
curs at this point. From this point of view, it might appear
that in samples of Gall et al.,16 the disorder is strong enough
to be in the localization regime down to 20 K. Whatever the
origin of this disorder, this might also be responsible for the
suppression of the magnetic ordering in their samples and
hence the absence of any structural transition.

It is clear that to make further progress on this problem, a
key issue is to suppress the N vacancies in CrN so as to
expose the true nature of the intrinsic CrN electronic struc-
ture without the doping issue. Optical-absorption measure-
ments as function of temperature in samples which do ex-
hibit the magnetic and structural transitions in conjunction
with direct calculation of the optical spectra from our band
structures would be very useful.

V. CONCLUSIONS

Our LSDA+U calculations provide support for the idea
that CrN may be close to a charge-transfer insulator transi-
tion. With reasonable values of U in the range of 3–5 eV, we
find that the density of states near the Fermi level is strongly
depleted by the spin separation of the states. In the case of
the AFM-�110�2 configuration a small gap actually opens
even for U as small as 3 eV. Furthermore a smallest direct

gap slightly less than 1 eV can be seen in these band struc-
tures and could be responsible for the onset of strong optical
absorption observed to occur at 0.7 eV. Interestingly, we find
that in the actually observed AFM-�110�2 structure below the
Néel temperature, the tendency of opening the gap is the
strongest.

It is clear that CrN is a fairly weakly correlated material,
but nonetheless Hubbard-U-type effects deplete the density
of states near the Fermi level by separating spin-up and spin-
down Cr d states. However, the gap is between anion p states
and metal d states and thus better described as a charge-
transfer insulator than a Mott insulator.38 From a critical ex-
amination of the experimental data, it also appears that CrN
is at best a nearly zero gap semiconductor with a gap Eg
�0.1 eV. Nitrogen vacancies play a significant role in dop-
ing the material and may lead effectively to a metalliclike
conduction below TN even if the real material has a gap at
these temperatures because the high concentration of carriers
and the overlap of the defect impurity band with the conduc-
tion band lead to a degenerate Fermi-gas limit. The occur-
rence of semiconductorlike behavior above TN in one set of
data was tentatively attributed to localization when the car-
rier density is low enough and may be related to random
fluctuations related to the onset of disorder which is accom-
panied by a structural distortion. Values of U larger that 4 eV
could lead to an even larger gap but would be inconsistent
with results for nearby TM nitrides which need to remain
metallic and nonmagnetic.
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