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Electron density distribution in paramagnetic and antiferromagnetic MnO:
A g-ray diffraction study
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High-accuracy single-crystal structure factor data sets, up to sinu/l51.6 Å21, have been measured from
MnO at 295 K and in the antiferromagnetic state at 15 K using 316.5-keV gamma radiation. In the rhombo-
hedral low-temperature phase, monodomain formation was enforced by application of moderate stress. A
detailed description of the electron-density distribution is derived in terms of a multipolar atomic deformation
model. A substantial difference is observed between thed-orbital occupancies in the two magnetic phases. The
Mn valence region shows considerable asphericity already in the cubic phase. In the antiferromagnetic state,
distinct anisotropies are observed both in electron density and thermal vibrations, contrary to the common
belief that the distortion from cubic symmetry is negligible. The 3d charge distribution is contracted by about
4% relative to the free atom. The total number ofd electrons on Mn is found to be 4.74~2!, in accordance with
the magnetic moment derived from neutron diffraction. Special attention is devoted to Bader’s atoms-in-
molecules theory, which reveals the Mn-O interaction to be purely ionic. The implication for the interpretation
of the superexchange mechanism is discussed.

DOI: 10.1103/PhysRevB.67.184420 PACS number~s!: 71.20.-b, 61.50.Lt, 61.10.-i
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I. INTRODUCTION

MnO is conceptually the simplest transition-metal mono
ide, with Mn having a half filled 3d shell, and the spin sub
bands being either completely full or completely empty,
that a crystal field cannot split the orbital singlet. Thou
MnO is one of the most intensively studied compounds, b
experimentally and theoretically, its electronic structure
still a subject of controversy.

Electron density is the fundamental independent varia
of many-electron density-functional theory.1 The spatial dis-
tribution of the electron density in the unit cellr(r ) is a
physical observable that can be obtained from high-qua
diffraction data. An accurate determination of the electr
density represents a strong constraint for theoretical calc
tions and should thus be very valuable for a better charac
ization of this prototypic compound. The purpose of t
present paper is to give a detailed exploration of the e
tronic charge density in paramagnetic and antiferromagn
MnO obtained from extended sets of gamma-ray struc
factors above and below the Ne´el temperature. We hav
found only one x-ray single-crystal study of MnO perform
at room temperature but a quantitative assessment of
electron density is lacking.2 Our investigation is a follow up
to a previousg-ray diffraction study of CoO.3

There are important differences between diffraction d
recorded with x rays or synchrotron radiation and high
energy gamma rays concerning potential sources of sys
atic errors.4 With the use of a photon energy above 300 ke
the high-energy diffraction case is fully realized~photon en-
ergy » binding energy ofK-shell electrons!, and a structure
factor accuracy at the 0.1% level is achievable, profit
from low absorption and extinction, no dispersion corre
tions, and reasonably large samples making surface eff
0163-1829/2003/67~18!/184420~8!/$20.00 67 1844
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negligible. The improvement in accuracy is also due to
vorable experimental conditions besides energy, such as
perfect stability, monochromaticity, and homogeneity of t
incident g-ray beam. Single-crystal studies involving pha
transitions with a lowering of symmetry need special prec
tion to keep the specimen untwinned. Domain formation
suppressed in the present study by the application of unia
pressure.

II. CRYSTAL STRUCTURE

At room temperature, MnO is paramagnetic and has N
structure~space groupFm3̄m; a54.4457 Å).5 The transi-
tion to the antiferromagnetic state atTN.120 K is accompa-
nied by a rhombohedral distortion with a contraction alo
the ^111& direction. The resulting crystallographic symmet
is trigonal~space groupR3̄m) and the only threefold axis is
the compression axis. At 10 K, the rhombohedral cell para
eters area53.1336 Å anda560.721°.5 For the present pur-
pose, it is more convenient to use a hexagonal unit cell~three
times the volume of the primitive rhombohedral cell! with
the lattice constantsa53.1677 Å andc57.6336 Å, and
with Mn at 3a ~0,0,0! and O at 3b ~0,0,1/2!.

In MnO, the magnetic structure is collinear and the sp
are perpendicular to the triad axis. It has been pointed
that such a structure is inconsistent with a rhombohed
lattice.6,7 The true symmetry should be lower than trigon
In an effort to settle this issue we have performed powd
diffraction measurements~commercial sample of 99.99% pu
rity!, making use of the high-resolution powder diffract
meter at BM1B~Swiss-Norwegian beamline!, installed on a
bending-magnet beamline at the European Synchrotron
diation Facility. A partial powder pattern (l50.8 Å) was
measured atT55 K. Unfortunately, the angular resolutio
©2003 The American Physical Society20-1
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was limited by the sample quality. The peak widths at lo
temperature increased by a factor of about 2 as compare
room temperature, which most likely arose from intern
strain. Thus, no deviation from trigonal symmetry, resulti
in additional peaks or unusual peak shapes, was percep

A neutron powder-diffraction pattern atT54 K was re-
corded on the two-axis diffractometer E9 of the BERII rea
tor ~Hahn-Meitner-Institut, Berlin! using a wavelength o
1.7971 Å. The scattering angle range covered 10°–10
From a full pattern Rietveld refinement, an ordered magn
moment of 4.54(5)mB per manganese was found, which is
good agreement with the previously reported value
4.58(3)mB .6

III. EXPERIMENTAL AND DATA REDUCTION

The single crystal used in the present investigation wa
cuboid of dimensions 2.8932.9533.08 mm3 containing a
~111! surface, purchased from MaTecK/Ju¨lich ~Germany!.
Bragg intensities have been measured on the gamma-ray
fractometer at the Hahn-Meitner-Institut. This diffractome
works with a commercially available192Ir source of 200 Ci
activity and a half-life of 74.2 days. The most intense line
the 192Ir spectrum at 316.5 keV~0.0392 Å! was used. The
diffracted gamma rays were registered inv-step scan mode
with an intrinsic Ge planar detector. Data sets were collec
at room temperature~RT! and at 15 K @low temperature
~LT!#.

Below TN , crystallographic domains can occur, resulti
from twinning of the crystal according to the four equivale
@111# contraction axes. Domain formation can be preven
by stress along a cubiĉ111& direction. At LT, the sample was
forced into a monodomain by an applied stress of appro
mately 200 bar. The force was controlled by means of a s
spring, thereby eliminating uncontrollable thermal stress d
ing the cooling down process.

Data sets were collected up to sinu/l51.6 Å21. The
completeness in independent reflections was 100% at RT
86% at LT, where the weakest reflections were not measu
An absorption correction was carried out (m
50.534 cm21), resulting in a transmission range from 0.8
to 0.866. At RT, 436 diffraction data of high precision we
averaged over symmetry-related observations to 106 in
pendent reflections withSs(I )/SI 50.0070. At LT, 420 ob-
servations of somewhat inferior precision were averaged
267 independent data withSs(I )/SI 50.023. The sets o
independent data were used for the further study. The
reductions were carried out using theXTAL suite of crystal-
lographic programs.8 Profile fits of the rocking curves at bot
temperatures revealed a Gaussian shape with a full widt
half maximum ~FWHM! of 78, which is considerably
broader than the triangular primary beam divergence wit
FWHM of 3.58. The crystal mosaic distribution is thus of
Gaussian type with a FWHM of 6.18.

The RT data had to be corrected for the contribution
inelastic thermal diffuse scattering~TDS! to the total inten-
sity. The formalism of Skelton and Katz9 was applied, using
elastic constants from Hearmon10 and the instrumental pa
rameters defining the sampled volume in reciprocal spa
18442
to
l

le.

-

°.
ic

f

a

if-
r

f

d

t
d

i-
el
r-

nd
d.

e-

to

ta

at

a

f

e:

v-scan peak width50.5°, full circular detector window
50.46°. The TDS contribution reached 12% at sinu/l
51.6 Å21.

IV. RESULTS

Structure refinements were performed with the progr
system VALRAY ,11 minimizing x25Sw(uFou22uFcu2)2,
whereFo and Fc are the observed and calculated structu
factors, respectively. The observations were weighted so
by their counting-statistical variances.

A. Independent-atom model„IAM …

Scattering factors for neutral Mn and O atoms~the free
O22 ion is unstable! were calculated from the Hartree-Foc
~HF! wave functions given in Clementi and Roetti.12 The fit
parameters were the scale factor of the observed intensiti
secondary extinction parameter@Gaussian mosaic width pa
rameterg50.6643/FWHM~rad!#, and the mean-square am
plitudes of vibration of the two atoms. In the antiferroma
netic phase the site symmetry is reduced, and each atom
two independent vibrational components. In order to red
the influence of charge-density deformations in the ou
shells, high-order refinements were carried out, taking i
account only reflections with sinu/l.0.7 Å21. The final
scale factor was fixed in later refinements with improv
scattering models. To test for deviations from ideal stoic
ometry, in particular, for metal deficiency, the occupancy
the manganese site was allowed to vary in a high-order
finement, resulting in an ideal value of 1.000~2!.

The secondary extinction factor for the strongest refl
tion of the RT data set, calculated with the Becker-Copp
formalism13 (g5370 rad21), is y(200)50.970 (y5I obs/
I kin , where I obs and I kin are the observed intensity and i
kinematic value, respectively!. The minimum extinction
length amounts to 80mm, much larger than the expected si
of perfect domains, so that primary extinction effects a
absent. The large mosaicity in connection with the hi
gamma energy used in this study thus assures almost
kinematic scattering conditions.

B. Multipole model

In the aspherical atom multipole model the electro
density distribution is projected onto a small finite basis
of real spherical harmonic functions centered at the nuc
positions with the local density rigidly following the motio
of its associated nucleus.14 The model is thus based on th
assumption that the electron-density distribution in the u
cell may be decomposed into contributions allocated to
constituent atoms. For manganese, the atomic density is
resented as

rMn~r !5rMn,core~r !1k3R3d~kr !(
l 50

4

(
m50

l

Plm6ylm6~r /r !.

With the site symmetrym3̄m of the rocksalt structure the
only allowed higher multipole is the fourth-order cubic ha
0-2
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ELECTRON DENSITY DISTRIBUTION IN . . . PHYSICAL REVIEW B67, 184420 ~2003!
monic, which is a linear combination ofy40 andy441 . In the
rhombohedral phase the site symmetry is 3m̄ and the con-
tributing multipoles are (l ,m)5(0,0), ~2,0!, ~4,0!, and
~4,31!.

For oxygen,

rO~r !5rO,core~r !1PO,valk
3rO,val~kr !

1(
l 52

4

k3Rl~kr ! (
m50

l

Plm6ylm6~r /r !.

rMn,core, rO,core, andrO,val are unperturbed HF electron de
sities of the appropriate atomic orbitals.rO,val is the average
of the 2s and 2p orbitals, normalized to one electron. F
Mn, the square of the radial part of the 3d canonical HF
orbitals is used to construct both monopole and multipo
reflecting the fact that the deformation is essentially due
different d-orbital occupancies. The radial function for thel
52 pole of oxygen consists of a 2p2p atomic-orbital prod-
uct. The l 54 radial function of oxygen is a single Slate
function r 4 exp(2ar), with the standard exponenta
54.50 bohr21. Thek parameters allow for expansion~k,1!
or contraction~k.1! of the radial functions.PO,val andPlm6

are variable population coefficients. Monopolar populatio
were constrained to ensure electroneutrality of the crys
The spherical harmonics are expressed relative to a gl
Cartesian frame, which is oriented parallel to the unit-c
axes for the cubic phase. In the hexagonal cell, thez axis is
along the principal symmetry axis@001#, the x axis is along
@210#, andy is chosen along@01̄0# so that one of the ligand
lies in thexz plane. They431 multipole function is defined
with positive lobes pointing towards the ligand atoms.

In Table I, the quality of fit is given for the various sca
tering models. It is evident that the data contain informat
going beyond the IAM. A large improvement of fit is alread
obtained on the introduction of charge transfer and valen
shell expansion/contraction. The very high precision of
RT data is reflected by the large value ofx2 for the IAM. The
results of the multipole refinements are listed in Table
Note that the normalization condition for the aspherical d
sity functions is such that the coefficientsPlm6 correspond
to the local electrostatic moments in angstrom units

Adjustment of the secondary extinction parameter gi
g5300(22) rad21 at RT, in fair accordance with the ob
served value. The refined value at LT amounts tog
5184(63) rad21. Extinction factors calculated with th
Becker-Coppens formalism are listed in Table III for t

TABLE I. Quality of fit for the various scattering models.Np
5Number of adjustable parameters. The numbers of unique re
tions are 106 at RT and 267 at 15 K. In all cases, the scale fa
was fixed to the value obtained from high-order IAM refinemen

IAM Monopoles Multipoles

T5295 K x2 652.6 184.3 148.2
Np 3 6 8

T515 K x2 1228.0 886.6 516.1
Np 5 8 14
18442
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lowest-order RT structure factors that have been measure
a statistical precision below 0.1%.

The static model densities, with the Debye-Waller fac
omitted, were evaluated in direct space and checked for
physical negative densities; they proved to be positive eve
where in the unit cell. Figures 1 and 2 show the static de
mation densities~aspherical components only! calculated in
direct space. The regions of excess density near the Mn a
reflect the preferential occupancy of certaind orbitals,
whereas the destabilized orbitals are manifested by reg
of electron deficiency. A detailed discussion of the deform
tion maps is given below.

It has been checked whether the current model densit
flexible enough to represent all systematic features availa
in the RT data. It turned out that inclusion ofl 56 terms for
Mn or anharmonic terms in the Debye-Waller factors yield
only insignificant improvements of fit. Since the 4s-orbital
contributes very little to the scattering its population cann
be reliably determined, and the number was kept equal t

C. Analysis of the bonding state

The quantum theory of atoms in molecules~AIM !, devel-
oped by Bader,15 uses the electron density as its starti
point, and provides a natural characterization of the natur
the interactions present in an assembly of atoms. Pres
and classification of a chemical bond are based on the e
tence of a saddle point~bond critical pointr c) of the electron
density between two linked atoms and on the value of
associated Laplacian¹2r(r c)5l11l21l3 (l i are the ei-
genvalues of the Hessian of the density;l3 designates the
component along the internuclear axis!. A large negative
value of ¹2r(r c) is typical for shared-electron interactio
~covalent bond!, whereas unshared-electron interacti
~ionic bond! is characterized by¹2r(r c)»0 combined with a
small value ofr(r c).

Additional, more quantitative information about the bon
type can be obtained by consideration of energetic aspe

c-
or
.

TABLE II. Results from multipole refinements of paramagne
and antiferromagnetic MnO.U i andU' denote mean-square vibra
tional amplitudes parallel and perpendicular to the threefold ax

295 K 15 K

Mn U i ~Å2! 0.005 63~1! 0.002 38~3!

U' ~Å2! 0.005 63~1! 0.002 10~2!

k 1.050~5! 1.037~3!

P00 ~ueu! 4.74~2! 4.75~2!

P20 (ueuÅ 2) 0.70~5!

P40 (ueuÅ 4) 0.18~5! 0.20~5!

P431 (ueuÅ 4) 21.46~17!

O U i ~Å2! 0.005 84~6! 0.003 78~18!

U' ~Å2! 0.005 84~6! 0.003 40~10!

k 0.980~4! 0.978~3!

Pval ~ueu! 6.26~2! 6.25~2!

P20 (ueuÅ 2) 0.05~6!

P40 (ueuÅ 4) 0.04~7! 0.46~8!

P431 (ueuÅ 4) 20.92~29!
0-3
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The Laplacian function of the electron density is connec
with the electronic kinetic-energy densityG(r ) and the elec-
tronic potential-energy densityV(r ) by the local virial
theorem15 2G(r )1V(r )5(\2/4m)¹2r(r ). At r c , the ki-
netic energy per electron, the ratioG(r c)/r(r c), should be
less than unity for covalent interactions and greater t
unity for ionic interactions~when expressed in atomic units!.
Abramov16 recently proposed an expression forG(r c) in
terms of r(r c) and ¹2r(r c), thus allowing its evaluation
from the model electron density. The potential-energy con

FIG. 1. Aspherical contributions to the static model density
the cubic~100! plane. Top: paramagnetic MnO with a density ran
from 20.22 to 0.89 eÅ23. Bottom: antiferromagnetic MnO with a
density range from21.82 to 1.29 eÅ23. Mn is located in the cente
and the corners of the maps. Solid lines represent positive reg
and dashed lines negative regions in steps of 0.05 eÅ23. The zero
contour is omitted. The densities are truncated at60.25 eÅ23.

TABLE III. Low order structure factors of MnO in units o
electrons per cell (T5295 K) with the extinction coefficientsy re-
ferring to the reduction inF2.

hkl Fo Fc y

111 52.29~3! 52.29 0.990
200 90.67~5! 90.66 0.974
220 73.05~8! 72.97 0.988
311 39.76~6! 39.69 0.998
222 61.12~4! 61.19 0.994
400 53.05~5! 53.13 0.996

R(F)5SuFo2Fcu/SuFou50.000 81
R(s)5Ss(Fo)/SuFou50.000 81
18442
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bution and consequently the total electronic energy den
H(r c)5G(r c)1V(r c) follow from the local virial theorem.

The characteristics of the bond critical points are listed
Table IV. G(r c) was obtained from a series expansi
around the Thomas-Fermi result, which is a suitable appro
mation in the internuclear region wherer(r ) varies slowly:
G(r c)52.8713@r(r c)#5/310.166 67¹2r(r c) with all quanti-
ties expressed in atomic units.16 From inspection of Table IV,
the bonding state in MnO is evidenced as being purely ion
The corresponding values resemble those of sod
chloride,16 often regarded as the prototypical ionic com
pound. It is found thatH(r c)>0, a result which has also
been obtained with CoO. It has been demonstrated by C
mer and Kraka17 that for a covalent bond,H(r c) is domi-
nated byV(r c) and is thus largely negative. Concerning t
ionic bonding interaction the situation is less clear with a
sertions in the literature suggesting that in this caseG(r c)
will dominate overV(r c), thus leading to positive values o
H(r c).

18 However, our experimental results strongly sugg
the ionic bond to be characterized by the exact balance of
two local energy densities.

V. DISCUSSION

A. Vibrational parameters

The mean-square amplitudes of vibration at RT are alm
the same for both atoms,U(Mn)/U(O)50.964(10). It has

s;

FIG. 2. Aspherical contributions to the static model density
the cubic~110! plane. Top: paramagnetic MnO with a density ran
from 20.59 to 0.88 eÅ23. Bottom: antiferromagnetic MnO with a
density range from21.73 to 0.71 eÅ23. Mn is located in the center
of the map. Contours are as in Fig. 1.
0-4



alues

ELECTRON DENSITY DISTRIBUTION IN . . . PHYSICAL REVIEW B67, 184420 ~2003!
TABLE IV. Characteristics of the bond critical points in paramagnetic and antiferromagnetic MnO. V
of r are ine Å 23; values of¹2r andl i are ine Å 25. G, G/r, andV are given in atomic units.

r c r(r c) ¹2r(r c) l1,2,3 G(r c) G(r c)/r(r c) V(r c)

Fm3̄m
0.2490~3!, 0, 0 0.335~1! 5.09~3! 21.25~1! 0.0544~2! 1.097~5! 20.0560~6!

21.25~1!

7.58~2!

R3̄m
0.348~6!, 0.174~3!, 0.423~4! 0.285~4! 4.95~12! 20.65~6! 0.0490~9! 1.161~23! 20.0465~22!

20.58~5!

6.19~9!
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been predicted that once the temperature becomes co
rable to the Debye temperatureQD , both atoms of a binary
compound with a cubic crystal structure should vibra
equally, irrespective of their masses.19 From the two sound
velocities one findsQD5350 K, which is sufficiently close
to the temperature of the experiment. This qualitative und
standing of the vibrational behavior fails, however, in t
case of cubic CoO, whereU(Co)/U(O)50.80(2) at 305 K
andQD5340 K. The proximity of the magnetic phase tra
sition in CoO (TN.290 K) might account for the failure o
the prediction from lattice-dynamical considerations.

The vibrational parameters obtained in this work are c
siderably smaller than the values reported by Sasaki, Fu
and Takeuchi2 from an x-ray study at 297 K,U(Mn)
50.007 81(6) andU(O)50.009 12(25) Å2. The difference
betweenU~gamma ray! andU~x ray! is of the same order a
the difference for CoO reported in Ref. 3. The discrepanc
due to the reduced monochromaticity of a graphite mo
chromated x-ray beam.20 It contains a bremsstrahlung com
ponent with a large wavelength spread that fully contribu
to the measured intensity at low Bragg angles and is prog
sively truncated at higher angles. The contribution of
bremsstrahlung depends on the tube voltage and lead
vibrational parameters that are systematically too large.
spectral width of the 316.5-keV photon beam isDl/l
51026 and no monochromator is needed.

At LT, the two atoms vibrate distinctly differently
roughly according to the corresponding mass ratio. Des
the relatively small deviation from cubic symmetry the a
isotropy of the zero-point mean-square amplitudes is hig
significant for Mn. The vibrations along the threefold ax
are larger than in the orthogonal plane:U i /U'51.13(2).
For O, the same result is obtained, though with increa
uncertainty: U i /U'51.11(6). In antiferromagnetic CoO
the corresponding anisotropy ratio amounts to 1.16~5! for
Co. The experimental finding supports a recent theoret
investigation of MnO in which it was argued that the antife
romagnetic ordering by itself induces a noncubic behavio
some nonmagnetic properties.21

Isotropic mean-square amplitudes of vibration have b
calculated by Hewat using a simple rigid-ion model~re-
ported in Ref. 22!. The corresponding values areU(Mn)
5U(O)50.0061 Å2 at RT andU(Mn)50.0019 Å2, U(O)
18442
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50.0034 Å2 at LT, respectively. The calculated values a
rather close to our experimental results.

B. Monopole parameters

Within standard deviations, the monopole parameters
the same at the two temperatures. Pronounced deviat
from the independent-atom values are observed. The ma
nese valence shell is contracted by about 4%, whereas
oxygenL shell exhibits an expansion of 2%. The expansio
contraction resembles that found for CoO.

The valence electron population of oxygen is 6.25, cor
sponding to a net donation of 0.25 electrons from the m
ganese atom. The charge transfer should be invariant
respect to the magnetic phase. It is worth noting that t
important constraint is quantitatively satisfied. The rad
scaling parameters are consistent with the charge transfe
more positive atom, such as Mn, is expected to contrac
view of the decreased screening of the nuclear charge.
net charges refer to the total charge content in the mono
functions which extend from zero to infinity in the radi
coordinate.

The total number ofd electrons on Mn is found to be
significantly smaller than the formal value of 5. In MnO, th
orbital magnetic moment is expected to be absent, which
recently confirmed using magnetic x-ray diffraction.23 The
population of the monopolar deformation function can the
fore be compared straightforwardly with the magnetic m
ment on~high-spin! manganese. To deduce the absolute m
ment, the zero-point spin deviation has to be taken i
consideration. It was calculated by Lines and Jones24 to be
3.0% for MnO. The absolute magnetic moment as obtai
from neutron diffraction is thus 4.7mB . The close agreemen
between theg-ray and neutron results supports the reliabil
of the multipole partitioning leading to physically meanin
ful atomic charges. Finally, it is noteworthy that the sp
magnetic moment can be deduced from a charge scatte
experiment.

Complementary information about the spatial extent
the unpaired electrons is also accessible from magnetic
tron diffraction. A radial contraction of the 3d charge distri-
bution was found in CoO and NiO from single-crystal unp
larized neutron studies, and it was concluded that, in gene
the crystalline environments tend to contract the magnet
tion density distributions of the magnetic electrons.25 Accu-
rate powder-diffraction measurements of the spherical m
0-5



e

io

th
a
n
th
us
o

g
d
in

a
b
e
is

e
re
-

io

at
al

th

a
e

h
e
te

le
in

i

l,
et

fold

is

ow
ith

e-
is

e

he

ted

t

in

ll
he
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netic form factor of Mn in MnO, however, reveal clos
agreement with the independent-atom case.22 This result is
not consistent with our findings. We can offer no explanat
for the discrepancy except to point out that theg-ray data are
more directly related to the radial parameter whereas
neutron data require a variety of treatments, such as sep
tion of overlapping magnetic and nuclear intensities a
gauge of the magnetic intensities. It should be noted here
retrieving the magnetic form factor is a far more ambitio
type of experiment than determination of the magnetic m
ment.

It is interesting to compare the experimental local ma
netic moment withab initio calculations. Several improve
density-functional schemes have been applied to MnO,
cluding the local spin-density~LSD! approximation also tak-
ing into account the HubbardU term (LSD1U) and the
generalized gradient approximation~GGA!. The following
values have been reported for the magnetic moment (mB) on
Mn: 4.61 (LSD1U),26 4.85 (LSD1U),27 4.68
(LSD1U),28 4.15 ~GGA!,29 and 4.47~GGA!.30 In a recent
study31 using the periodic HF scheme a value of 4.92 w
obtained. Although the theoretical data scatter quite a
agreement between the calculated noninteger Bohr magn
numbers based on the LSD1U and the experimental ones
fairly good.

The AIM theory15 provides a unique partitioning of th
total charge density into a disjoint set of mononuclear
gions, termed atomic basins~V!, which are bound by a sur
face whose flux of the gradient vector field¹r(r ) vanishes.
The electron population of an atom is obtained by integrat
of r(r ) over its basin. The net atomic chargeq(V) is the
difference between the nuclear charge and the integr
electron population. Application of the space partitioning
gorithm by Flensburg and Madsen32 gives q(Mn)52q(O)
51.23ueu, andV(Mn)510.40 Å3 andV(O)511.57 Å3. The
summations of the atomic volumes and populations over
unit cell reproduceVc andF(000) to within 0.01%. As in the
case of CoO, the net atomic charges are considerably sm
than the formal value of 2. Though the AIM charges hav
clear and rigorous significance, they are not amenable
comparison with the results of other physical methods. T
situation is quite different from the partitioning schem
based on the 3d-shell charges, as has been demonstra
above.

C. d-orbital populations of Mn

The 3d-electron density may be described by multipo
functions~as above! or, alternatively, it may be expressed
terms of the atomic orbitalsdi . There is a linear relationship
between the multipole population and thed-orbital popula-
tion coefficients~provided the expansion is truncated atl
54 and overlap between metal and ligand orbitals
negligible!.33 In the cubic field, thed orbitals split intoeg
(x22y2,z2) orbitals pointing towards the ligands andt2g ~xy,
xz, yz! orbitals pointing between them.

On the lowering of the symmetry from cubic to trigona
the coordination octahedron of the metal atom has symm
3̄m. Two of its faces are perpendicular to the 3¯ axis; the
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other six faces are equivalent and oblique to the three
axis. Therefore, thet2g orbitals of cubic symmetry split into
a singleag with its lobes pointing along the threefold ax
and a doubly degenerateeg level, whereas the originaleg
orbitals retain their symmetry characteristic and are n
termedeg8 .34 The symmetry-adapted set that correlates w
the octahedral orbitals is given byag5dz2 , eg15adx22y2

2bdxz , eg25adxy1bdyz , eg18 5bdx22y21adxz , and eg28
5bdxy2adyz , where a5A2/3 and b5A1/3. Here, the
threefold axis is taken as thez direction, and thex axis is
chosen so that one of the ligands lies in thexz plane. The
signs of the linear combination imply a positiveeg8 lobe in
the positivexz quadrant. The angular distribution of the 3d
electrons is then given as

r3d5P1~ag!21
1

2
P2@~eg1!21~eg2!2#1

1

2
P3@~eg18 !2

1~eg28 !2#1
1

2
P4~eg1eg18 1eg2eg28 !.

P1 , P2 , and P3 are the number of electrons in the corr
sponding orbitals. The additional cross product term
present because theeg and eg8 orbitals belong to the sam
symmetry representation and may mix; the parameterP4 is
related to the extent of mixing. It should be noted that t
orbital-multipole matrixM21 for trigonal symmetry that is
given in Ref. 35 is incorrect~two elements of the inverse
matrix M are too large by a factor of 2!. The correct matrix
is therefore given in Table V. The populations of the 3d
orbitals derived from the Mn multipole parameters are lis
in Table VI.

TABLE V. Orbital-multipole matrix for trigonal symmetry tha
should replace Table 8.7.3.5.~b! in Ref. 35. The matrix differs from
that used for the calculation of Table VI because of differences
the normalization of the density functions.

P00 P20 P40 P431

P1(ag) 0.200 1.039 1.396 0.00
P2(eg) 0.400 21.455 0.00 23.554
P3(eg8) 0.400 0.416 21.396 3.554
P4(egeg8) 0.00 22.646 1.974 2.513

TABLE VI. 3 d-orbital populations on Mn; in the hexagonal ce
z is along@001# andx is chosen so that one of the ligands lies in t
xz plane.

Orbital m3̄m Orbital 3̄m

eg 2.11~4! eg8 1.25~8!

t2g 2.63~5! eg 2.23~8!

ag 1.27~4!

egeg8 20.78~8!

Total d 4.74~2! 4.75~3!
0-6
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ELECTRON DENSITY DISTRIBUTION IN . . . PHYSICAL REVIEW B67, 184420 ~2003!
The d-orbital analysis clearly reveals the crystal-fie
splitting. Surprisingly, in the cubic crystal field the ratio
the eg /t2g population is 0.80, which is considerably larg
than the ideal 2:3 ratio corresponding to a spherical high-s
Mn atom. For this reason, theeg orbitals show up as peaks i
Figs. 1 and 2~top! whereas thet2g orbitals correspond to the
regions of charge deficiency relative to the spherical ato
Our experimental result is in qualitative agreement with
cent theoretical work (LDA1U method36! where it follows
that the charge rearrangement betweeneg and t2g leads to a
reduction of the large value of the on-site 3d Coulomb re-
pulsion. A similar situation has already been noted in cu
CoO, where the experimental value ofeg /t2g50.51 is also
larger than the nominal 2:5 ratio.

The populations at LT are very different from those p
dicted from electrostatic considerations. The Mn-O dista
of 2.223 Å in the cubic phase is elongated to 2.228Å in
rhombohedral phase. According to crystal-field theory, theeg8
orbitals pointing along the ligands should therefore sh
little difference in population compared to the cubic pha
Actually, it is found that 0.9 electrons are removed fromeg8
into eg . The eg8 orbital is now depopulated relative to th
spherical atom. The larger occupancy of theeg orbital than
the eg8 orbital is related to the negativeP431 population. For
exact cubic symmetry the relative occupancies of the isola
atom are 40% (eg8), 40% (eg), and 20% (ag). The experi-
mental result reveals strong anisotropy with 26% (eg8), 47%
(eg), and 27% (ag). The eg eg8 cross term is highly signifi-
cant, which reflects the considerable amount of orbital m
ing. In Figs. 1 and 2~bottom!, the regions of electron deple
tion around the manganese atom display theeg8 orbitals,
whereas the maxima correspond toeg . The electron with-
drawal along the Mn-O bond is qualitatively similar to th
distribution in antiferromagnetic CoO. The aspherical co
ponent of oxygen, however, is almost an order-of-magnit
smaller in MnO than it is in CoO. The observed anisotropy
electron subshell population is at variance with the comm
view according to which lower than cubic effects can
ignored in antiferromagnetic MnO.

In the case of magnetically ordered CoO, the observedd
occupancies allowed an unambiguous assignment of
magnetic moment to the individual orbitals. In MnO, how
ever, the orbital populations are fractional, which prevent
corresponding assortment. Noninteger orbital occupan
will result when the electronic ground state is inaccurat
described by a single configuration, and a better descrip
is in terms of configuration interaction, a mixture of seve
configurations.

D. Aspects of superexchange

A decrease of the magnetic ion moment compared to
free ion moment due to a partial transfer to the ligands is
unexpected in antiferromagnetic salts. It is commonly int
preted in terms of a molecular-orbital model.37 The admix-
ture of ligand orbitals into the central iond orbitals may lead
to an overlap density as well as to a spin transfer from
metal to the ligand. The admixture parameters are small
the covalency effect is treated as a small perturbation of
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ionic configuration. The admixture or covalency paramet
in MnO are of the order of only 1%.22

A covalent coupling between ligands and thed electrons
of the magnetic ions is essential for the superexcha
mechanism.38,39 In this scheme, a configuration interaction
set up involving excited states. Examination of a clus
model consisting of three sites, with the ground st
Mn21-O22-Mn21, and virtual transitions to the three ex
cited configurations Mn1-O2-Mn21, Mn21-O2-Mn1, and
Mn1-O-Mn1, leads to an energy shift of the ground sta
part of which depends on the relative spin orientations of
manganese and can be expressed in the Heisenberg
that is, a substitute Hamiltonian of the exchange type is
veloped. Overlap between cation and anion orbitals is fun
mental to the theory. The present study, however, ascert
the absence of any shared-electron interaction between
Mn and O atoms.

An alternative approach which involves electron corre
tion rather than exchange to treat the antiferromagnetic s
coupling has been proposed by Slater.40 He pointed out that
in the transition-metal monoxides an oxygen ion is acted
by three neighboring metal ions in one plane with spin
and three others in the opposite plane with spin down so
there will be no net spin polarization of the anion~as the
model of a linear chain of ions suggests on account of
exclusion principle!. An individual oxygen orbital with spin
up, however, will be exposed to a lower potential in the pla
of Mn spin-down ions and a higher potential in the plane
Mn spin-up ions. There will be the opposite effect on oxyg
spin-down orbitals. As a result, the charge distribution
oxygen will be distorted, such that one side of it will have
excess of spin-up charge, the other an excess of spin-d
charge. The antiferromagnetic configuration is thus stabili
by the deformation of the outer electron shell of oxyge
Both an expansion and a deformation of the oxygen vale
shell are clearly revealed in the magnetically ordered st
The view that electron correlation rather than exchange
fects are responsible for the magnetic ordering in MnO
therefore not inconsistent with the present study. As alre
mentioned earlier, however, the oxygen deformation is
most an order-of-magnitude smaller than the correspond
one in CoO.

VI. CONCLUSION

A detailed investigation of the electron-density distrib
tion in paramagnetic and antiferromagnetic MnO has b
presented. The very shortg-ray wavelength of 0.0392Å, in
connection with a sample of suitable mosaicity around 18,
allowed almost extinction-free measurements. Employm
of the multipole expansion formalism to account for crys
bonding deformations brought large improvements compa
to the independent-atom model, and yielded a reduced
square close to 1, practically exhausting the accuracy of
data. The main features discovered are the following.~i! The
3d valence shell is contracted by about 4%.~ii ! Substantial
differences occur between the electron-density distribution
the two magnetic phases.~iii ! In the cubic phase, a non
spherical distortion of the half filledd shell is revealed.~iv!
0-7
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In the antiferromagnetic phase, both the electron density
the thermal vibrations exhibit distinct anisotropy, substan
ating a noncubic behavior.~v! The magnetic moment in
ferred from charge scattering agrees well with neutron
fraction.~vi! The Mn-O interaction is evidenced to be pure
ionic, which conflicts with the common interpretation of th
superexchange phenomenon.
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