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Structural, electronic, and magnetic properties of MnO
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We calculate the structural, electronic, and magnetic properties of MnO from first principles, using the
full-potential linearized augmented plane-wave method, with both local-density and generalized-gradient ap-
proximations to exchange and correlation. We find the ground state to be of rhombohedrally diBtbrted
structure with compression along thgl1] direction, antiferromagnetic with type-Il ordering, and insulating,
consistent with experiment. We show that the distortion can be understood in terms of a Heisenberg model
with distance dependent nearest-neighbor and next-nearest-neighbor interactions determined from first prin-
ciples. Finally, we show that magnetic ordering can induce significant charge anisotropy, and give predictions
for electric-field gradients in the observed rhombohedrally distorted structure.
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[. INTRODUCTION in the AFIl ordering vs same-spin sublattices in the AFI.
Using a linear combination of atomic orbitalsCAO) LDA
Since the recognition of their unusual insulating and mag-approach, Belkhir and Hug@l examined the splitting ofl
netic properties over a half century ago, the first-rowsubbands, concluding thgid hybridization in the AFII
transition-metal monoxides have been the subject of mucktructure enhances the splitting relative to that predicted by

experimental and theoretical interest. Because they arelassical ligand field theory. Using a linearized augmented
|.l7

highly correlated Mott or charge-transfer insulatbfdirst-  plane-wave(LAPW) approach, Dufeket all” showed that
principles theoretical approaches based on density-functional
theory (DFT) in the local-density approximatiofLDA)
(Refs. 3 and # have proven inadequate for understanding
certain properties such as electrical conductivity and mag-
netic moments, and new or extended approaches such as self-
interaction correctedt® orbital polarization correcteti,on-
site Coulomb corrected (LDAU) 2° optimized effective
potential’® and model GWRef. 11) methods have been de-
veloped in order to address these deficiencies. Nevertheless,
DFT-LDA-based approaches have proven successful in un-
derstanding a number of ground-state properties, most nota-
bly in the cases of MnO and NiO, which are correctly pre-
dicted to be insulating and antiferromagnetic with type-II
ordering (though the gaps are underestimat¥d’® More-
over, the use of the generalized-gradient approximation
(GGA) (Ref. 16 has been shown to vyield further
improvements! Here, we focus on the larger-moment com-
pound MnO, from the standpoint of DFT in both LDA and
GGA approximations.

Above the Nel temperaturd =118 K, MnO is a para-
magnetic insulator with the rocksalB({) structure. Below
T, itis a type-ll antiferromagnetiGAFIl) (Fig. 1) insulator
with rhombohedrally distorte®81 structure. The rhombohe-
dral distortion takes the form of a compression along the
[111] direction, taking cubic angles from 90° to 90.62°.
Based upon augmented spherical w#&W) LDA calcu-
lations, Oguchéet al***showed that the electronic structure
is very sensitive to the magnetic ordering, and that the LDA
can predict MnO to be an insulator, but only when the mag-
netic ordering is AFIl, as it is experimentally. Based again
upon ASW-LDA calculations, Terakuret al'® subsequently
explained the stability of the AFIl ordering relative to non-
magnetic(NM), ferromagnetic(FM), and type-l antiferro- (b) AFII
magnetic(AFI) orderings in terms of the strongido cou-
pling through the oxygens of opposite-spin cation sublatticesFIG. 1. (a) AFI ([001]) and(b) AFIl ([111]) magnetic orderings.
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the GGA can yield further improvements to LDA results, tained, however, were about three times larger than those
finding a minor improvement of the gap from 1.0 eV to 1.4 determined from experimental data. Among the reasons sug-
eV and of the Mn spin magnetic moments from 3§20 gested for the discrepancy were the assumption that total-
4.15ug, relative to experimental values of 3.6—3.8 eV andenergy differences were well represented by eigenvalue-sum
4.58-4.7%5, respectively. Using an LCAO Hartree-Fock differences, and spherical approximations in the ASW and
(HF) approach, Towleret al?° calculated structural, mag- KKR-CPA calculations. Subsequently, Solovyev and
netic, elastic, and vibrational properties. They determined th&erakurd® calculated exchange constants based on LMTO-
correct AFIl ground state and a rhombohedral distortionASA-LDA calculations in the context of a discussion of
angle of 90.47°, very close to the experimental value. Macksingle-particle theoretical approaches to MnO. In this work,
rodt et al** subsequently applied the same methodology tahey employed an expressirfor the exchange constants
the calculation of phase transitions under pressure. Using gased on infinitesimal displacements from the ground-state
linear muffin-tin orbital atomic sphere approximation configuration rather than finite rotations in a random medium
(LMTO-ASA) approach, Coheat al** calculated low- and  as in Refs. 13 and 14, and employed spherical approxima-
high-pressure properties of MnO in the context of an investions as before. The constants obtained were, however, again
tigation of magnetic-moment collapse, and found that thesignificantly larger than those determined from experimental
GGA yielded an improved lattice constant, bulk modulus,data. The main reason suggested for the discrepancy was the
and magnetic moment relative to LDA results. More re-ynderestimation of intra-atomic exchange and charge-
cently, using a plane-wave pseudopotentRWPH GGA  transfer energies in the LDA.

approach, supplemented by LBAJ calculations, Fang Here, we calculate the structural, electronic, and magnetic
et al* investigated low- and high-pressure properties. Theyproperties of MnO by the full-potential linearized augmented
determined the correct AFIl ground state, a rhombohedrablane-wave method, using both LDA and GGA approxima-
distortion angle of~92°, somewhat larger than the experi- tions to exchange and correlation, thus improving upon
mental value, magnetic moments, and a phase transition togpherical, pseudopotential, and/or strictly LDA approxima-
metallic NiAs structure at high pressure. Massidetaal®*  tions in earlier work. We show that the observed rhombohe-
have investigated magnetic-order-induced anisotropies iiral distortion can be understood in terms of a Heisenberg
linear-response properties using a combinatioralofinitio  model with distance dependent NN and NNN interactions
and model calculations. In the course of their study, theydetermined fromab initio calculations, without the CPA or
determined a ground-state distortion angle of 90.66°, vergpherical approximations. And lastly, we consider the charge
close to the experimental value, and showed that the zonemisotropy induced by magnetic ordering throuah initio
center optic phonon frequencies and Born effective chargealculations of electric-field gradients.

tensor exhibit significant magnetic-order-induced anisotro-

pies, even when assuming the perfect rocksalt structure, con-

trary to the assumption of cubic symmetry commonly made Il. CRYSTAL, ELECTRONIC, AND MAGNETIC
in interpreting experimental data. STRUCTURE
The mechanism underlying the rhombohedral distortion
below Ty was examined by Kanam@tiin the late 1950s. General potential LAPWRef. 32 calculations were car-

Based upon paramagnetic susceptibility data, it was conded out for NM, FM, AFI, and AFIl magnetic orderings.
cluded that there are significant exchange interactions beéMell-converged basis sets were employed with a plane-wave
tween nearest-neighb@N) cations and, based upon Curie- cutoff of 18.9 Ry, corresponding to an average ~of.09
Weiss and Nel temperature data, that these interactions ardasis functions per atorthe exact number being
predominantly direct in nature. It was further concluded,dependent®® Local orbital extensiorié were used for Mri
consistent with earlier suggestions of Greenwald and=1,2,3 and O =1,2 channels to include higher-lying semi-
Smart?® that the rhombohedral distortion beldly is due to  core states and relax linearization errors. Core states were
these NN interactions. Assuming distance dependent NN anteated fully relativistically in a self-consistent atomiclike ap-
next-nearest-neighbor(NNN) interactions, Rodbell and proximation, while valence states were treated scalar relativ-
Owerf’ subsequently used a molecular-field approach to deistically. Increasing the plane-wave cutoff to 24.7 Ry, corre-
rive an expression for the distortion which supported thesponding to an average ef159 basis functions per atom,
above conclusions, having explicit dependence only upon thgielded a change in total energy of less than 2.5 mRy/atom in
NN interactions. Lines and Jorfésubsequently deduced the LDA tests. Highly converged speciktpoint set$® were em-
same expression from a Heisenberg model containing onlployed consisting of 512 points in the rhombohedifdM,

NN and NNN interactions, and used a Green's-functionFM, and AFII) Brillouin zones and 486 points in the tetrag-
approach’ in the random-phase approximation to evaluateonal (AFl) zone. Doubling the number d&f points in each
the exchange constants based upon susceptibility data. Modérection yielded a change in total energy of less than 0.15
recently, Oguchiet al*®!* calculated exchange constants mRy/atom in LDA tests. LDA and GGA calculations em-
based onab initio ASW-LDA calculations, employing the ployed the exchange-correlation functionals of Hedin and
Korringa-Kohn-Rostoker coherent potential approximationLundqvist®® and Perdew and Warig, respectively. As
(KKR-CPA). In this work they showed that interactions be- shown in Fig. 2, the LDA calculations predict the ground
yond NNN were in fact negligible, justifying the assumption state to be antiferromagnetic with AFIl ordering, consistent
made almost universally in previous work. The constants obwith experiment® previous HF calculation®, and density-
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Figures 3 and &) show the Brillouin zone and LDA band E (Ry)

structure and density of states corresponding to the ground-

state AFIl ordering. The GGA results are qualitatively simi-  FIG. 4. LAPW-LDA density of states fofa) FM, (b) AFI, and

|ar, but with a |arger exchange Sp||tt|ng and gawzg Ry (C) AFIl MnO. OnIy the AFII ordering is predicted to be insulating.
and ~0.105 Ry, respectively, compared to LDA values of

~0.27 Ry and~0.075 Ry, due to lower occupied and are consistent with the characterization of MnO as a corre-
higher unoccupiedi states relative to ( states. In both lated Mott-Hubbard insulator.

cases, the large exchange splitting and naregvband are

sufficient to produce an insulator, consistent with IIl. RHOMBOHEDRAL DISTORTION

experiment® and previous calculatiorfs->17:20:23.245jgnjfj- _

cantly, however, both LDA and GGA calculations predict ~Figure 5 shows LDA results for the total energy vs rhom-
other configurations to be metalli€igs. 4a) and (b)], with boh_edral strain in the ground-state AFIl ordering at_ the ex-
the implication that the spin-disordered paramagnetic statBefimental volume. The GGA results are essentially the

would also be metallic, contrary to experiment. These result§ame. The rhombohedral strain is determined by a parameter
g through the volume conserving strain tensor
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FIG. 5. LAPW-LDA energy vs rhombohedral strain for AFII

F r T K L r
MnO at the experimental volume. The minimizing strain gf
FIG. 3. (&) Rhombohedral Brillouin zone and) LAPW-LDA =0.014 56 corresponds to a deviation of 1.68° from the ideal cubic
band structure of AFIl MnO. angle.
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TABLE |. LAPW-LDA and GGA rhombohedral distortion angles for AFIl MnO and comparison to
previous calculations and experiment.

LAPW PWPP-GGA LCAO-HF LAPW-LDA Experiment
LDA GGA (Ref. 23 (Ref. 20 (Ref. 29 (Ref. 18
1.68° 1.69° ~2.0° 0.47° 0.66° 0.62°

As shown in the figure, the calculations predict the ground
state to be slightly compressed<0) along the[111] di- H=> 1S S+ > 1SS (1)
. . L L. NN NNN
rection. A least-squares fit of the results yielded minimizing
strains ofg=—0.01456 andy=—0.014 65, corresponding Considering a single formula unit, the above Hamiltonian
to deviations of 1.68° and 1.69° from the 90° cubic angle reduces to
for LDA and GGA calculations, respectively. A comparison

with experiment and previous calculations is shown in Table H™M=(6J,+3J,)S, (2
I. We find that both LDA and GGA results overestimate the
experimental angle somewhat, consistent with recent PWPP- HAF'=(-23,+3J,)%%, ©)

GGA calculation$® but inconsistent with recent LAPW-
LDA calculations?* On the other hand, Hartree-Fock
calculations® which produce larger gaps, underestimate the HAFIlZ _ 33,2 ()
distortion somewhat. Within simple tight-binding pictures, 2
interatomic exchange interactions are inversely related to thehereSis the magnitude of the cation spin for FM, AFI, and
gap (~t?/1 or ~t?/U, wheret is a hopping parameter ahd  AFIl orderings, respectively. We deduce the exchange con-
andU are on-site interactions related to the size of the) gap stants from the above expressions abdnitio total energies
As discussed below, the distortion is driven by the variationfor each ordering at the experimental volume, wi 5/2.
of NN exchange with distance, so the tendency to overestiOur results are shown in Table Il, along with previcais
mate the distortion may reflect the incomplete treatment ofitio*14*%and semiempiric&#*°*!results for comparison.
Hubbard correlations and resulting small gaps associated@hile there are still significant differences, caip initio re-
with the LDA and GGA approximations. sults agree in sign and order of magnitude with the semi-
The internal energy of the crystal can be partitioned intoempirical ones and are generally closer to the semiempirical
elastic and exchange parts. The elastic part is symmetric withnes than previousib initio results employing the CPA
respect to small rhombohedral distortions of the ideal cubi@nd/or spherical approximations, implying better consistency
structure. Thus, it is sufficient to consider the exchange panvith thermal and spin-wave data. Still, a significant differ-
to understand the mechanism of the observed compressi@mce exists, perhaps reflecting the role of Hubbard correla-
along[ 111]. Within the model, the size of the distortion is tions, which might reduce the effective valueslofia larger
just due to the competition of the exchange part that favordand gapgrecall that in the density-functional calculations
distortion and the non-spin-order dependent elastic energyhe ferromagnetic case is metallién any case, we find both
given in the harmonic approximation by the shear elastidNN and NNN interactions to be antiferromagnetic, consistent
constant,, for the non-spin-ordered case. To set the energyvith the Goodenough-Kanamori ruféé? and experiment.
scale we calculated,,= 66 GPa using the LDA at the ex- We note that since these calculations involve energy differ-
perimental cell volume with a ferromagnetic ordering. Ex-ences on the order of a few mRy, largepoint sets were
perimentally, the two terms cannot be readily separated, buequired in order to attain sufficient convergence. The above
above the magnetic-ordering temperature a valugygphear  results were calculated using 4096 spekigbints in the full
75 GPa is measured with very strong temperature deperzone. Reduction of this set to 1728 points yielded differences
dence in the region 6Fy .%° We now show that the exchange of less than 0.003 mRy and 0.001 mRy fiy and J,, re-
part can be understood in terms of a Heisenberg Hamiltoniaapectively, in LDA tests. Convergence with respect to plane-
with distance dependent NN and NNN interactions deterwave cutoff was also checked. Increasing the cutoff from
mined fromab initio calculations. Let 18.9 Ry to 24.7 Ry yielded a difference of less than 0.002

and

TABLE Il. Exchange constantgn K) for MnO based on LAPW-LDA and GGA calculations and com-
parison to otherb initio and semiempirical results.

LAPW LMTO-ASA-LDA ASW-LDA Semiempirical
LDA GGA (Refs. 13 and 14 (Ref. 30 (Ref. 28 (Ref. 40 (Ref. 41
Jq 9.8 18.8 24.5 30 10 8.9 8.5
Js 24.5 33.0 43.6 30 11 10.3 9.6
J; 12.3 21.3 10.0 9.9
J’l’ 7.4 16.4 7.9 7.5
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mRy for bothJ; andJ, in LDA tests. Calculated Mn mo- TABLE Ill. LAPW-LDA and GGA EFG's (in 10** V/m?) for

ments varied by less than 2.2% over all magnetic orderinggarious conformations of MnO. The last row corresponds to the

in both LDA and GGA tests. observed rhombohedrally distorted ground state. The asymmetry
We deduce the distance dependence of the interactiorrameters vanish in all cases.

from calculations on distorted structures. For a small com=

pression alond 111], adjacent-plane NN’s move closer to- LDA GGA
gether and in-plane NN's move farther apart, so that Ap Mn 1.31 0.65
—J; for adjacent-plane NN's and} — J7 for in-plane NN's; 0 0.18 0.13
while for a volume conserving strain, NNN distances remain
unchanged to first ordéf. Considering again a single for- AFll Mn —-0.13 —-0.05
mula unit, the preceding Hamiltoniaii®), (3), and(4) then ) 0.22 0.27
become AFII (distorted Mn 0.10 0.20
e S 5 o) -0.12 -0.08
H™=(3J3;+3J3]+3J,)S, (5)
HAF = (= 31— J7+3J,) S, (6) IV. MAGNETIC-ORDER-INDUCED CHARGE
ANISOTROPY
and

The electric-field gradien(EFG) tensor, the second de-
rivative of the Coulomb potential at the atomic positfSn,
HAR = (-3J1+3J1-33,)S° (7)  provides a sensitive probe of the electronic charge distribu-
tion, and due to this sensitivity, very accurate distributions
for FM, AFI, and AFII orderings, respectively. We deduce are required in order to calculate EFG’s reliably. Blaha
the exchange constants as before from the above expressiasisal *“*>were the first to show that the LAPW method could
andab initio total energies corresponding to the appropriatébe used to calculate accurate EFG’s with no adjustable pa-
magnetic orderings at the experimental volume and distorrameters. In subsequent w8fkt was shown that, due to the
tion. Our results are shown in Table I, along with semi- extreme sensitivity of the EFG’s to inaccuracies in the den-
empirical values for comparison. As the table shows,aur sity, the local orbital extension of the method (LAPW
initio results predict the same distance dependence as theL0),** as we employ here, is sometimes required in order
semiempirical ones: whatever the nature of the NN interacto obtain reliable results.
tions, whether direct or indirect, their strength decreases with Massidda et al?* have investigated magnetic-order-
distance on the relevant scale, as may be expected. induced anisotropies of two nonmagnepin-independent
The observed compression alofd 11| now follows |inear-response properties of MnO, finding significant
straightforwardly from the above established distance deperanisotropies in the zone-center optic phonon frequencies and
dence and antiferromagnetic nature of the interactions. For Born effective charge tensor despite the fact that the atomic

small compression anglé>0, positions had cubic symmetry, so that the only noncubic in-
gredient was in the spin channel. Since strong Hubbard cor-
J;=3,(1+cé), relations are thought to separate charge and spin degrees of

freedom in general, measurements of such couplings in com-
parison with density-functional calculations can be particu-
larly illuminating. Here, we consider magnetic-order-induced

) _ _ anisotropy in a static, nonmagnetic quantity: the charge den-
and, for a volume conserving straid, remains unchanged gjyy jiself. Since the EFGthe largest-magnitude eigenvalue

to first order, where,>0 (antiferromagnetic NN interac- ofihe EFG tensdrdepends sensitively on the charge density
tions) andc>0 (strength decreases with distanes estab- g vanishes for cubic symmetry, it provides a sensitive

N=Jy(1-cd),

lished above. Thus, for the AFII structure, measure of such anisotropy. And using this measure, our
calculations show that magnetic ordering can induce signifi-
Ho o HOM e —6S523,€6<0; cant charge anisotropy in MnO—on the order of that associ-

ated with noncubic crystal structure in some cases. Table IlI
and so the compression lowers energy. Physically, for ahows our LDA and GGA results for MnO in various mag-
small compression, the antiparallel-spin NN’s move closemetic and structural conformations. Cubic AFI and AFII
together and the parallel-spin NN's move farther apart, whilestructures show significaritip to ~1.3x 10°* V/Im?) EFG’s,
NNN distances remain unchanged. And so, since the NNhdicating significant anisotropy due solely to the magnetic
interaction is antiferromagnetic and decreases with distancerdering, with an order-of-magnitude difference in the Mn
the energy is lowered. Thus, while decisive in determiningEFG’s in the AFI and AFII orderings. Generally speaking,
the magnetic ordering;, the strong NNN coupling through GGA calculations are thought to provide a better description
the oxygens has nothing@o first ordej to do with the ob- than corresponding LDA results for the ground-state proper-
served rhombohedral distortion. Rather, it is the weaker anties of materials which contain light elements and are not
tiferromagnetic NN coupling that is decisive. strongly correlated. For example, GGA equilibrium lattice
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parameters and structural coordinates are frequently in bettexchange and correlation. In both the LDA and GGA, we
agreement with experiment than LDA results for such matefound the ground state to be of rhombohedrally distoBéd
rials. However, while one may conjecture that this shouldstructure with compression along th&11] direction, anti-
also be the case for EFG'’s, this is not well established yeterromagnetic with AFIl ordering, and insulating, consistent
because the error bars on the experimental numbers are oftaiith experiment and previous HF and density-functional cal-
larger than the LDA—GGA differences due to the uncertaintyculations employing spherical, pseudopotential, and/or
in the nuclear quadrupole momergteote that in most cases strictly LDA approximations. The GGA was shown to yield
relative LDA—GGA differences are not as large as in thea much improved lattice constant. However, highly con-
present cage In fact, comparisons of calculated density- verged LDA and GGA results were shown to overestimate
functional EFG’s with experimental quadrupole splittingsthe observed rhombohedral distortion, consistent with one
were even used to obtain a more accurate value for the quadecent PWPP-GGA calculation but inconsistent with others,
rupole moment of the Fe-57 nucletfan strongly correlated including recent LAPW-LDA calculations. We showed that
systems, Coulomb correlations differentiate the orbitals mor¢he distortion can be understood in terms of a Heisenberg
than LDA calculations. In open-shell materials, this gener-model with distance dependent NN and NNN interactions
ally would lead to larger EFG’s. For example, a strong effectdetermined from first principles, obtaining exchange con-
of this type was demonstrated for the plane Cu site instants in better agreement with semiempirical values than
YBa,Cu;0,.%8 On the other hand, in closed-shell systemspreviousab initio results employing the CPA and/or spheri-
(like MnO), the effect may be opposite due to the supprescal approximations, but still somewhat larger in general.
sion of charge degrees of freedom relative to spin, i.e., &/hereas the NNN coupling plays the decisive role in the
lowering of the EFG. The last row of Table Il corresponds magnetic ordering, the weaker NN coupling was shown to
to the AFII structure with the observed rhombohedral distorplay the decisive role in the structural distortion. Finally, we
tion and so constitutes our prediction for the observedshowed that magnetic ordering can induce significant charge
EFG's. These values should be amenable to experimentahisotropy, on the order of that associated with noncubic
measurement and, as mentioned, comparison with densitgtructure in some cases, and gave density-functional predic-

functional predictions should prove quite useful.

V. SUMMARY AND CONCLUSIONS

tions for EFG’s in the observed rhombohedrally distorted
structure.
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