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Electron density distribution in paramagnetic and antiferromagnetic MnO:
A vy-ray diffraction study
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High-accuracy single-crystal structure factor data sets, up té/sinl.6 A1, 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 betweerdtbebital 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. Thlecharge distribution is contracted by about
4% relative to the free atom. The total numbeidaflectrons on Mn is found to be 4., 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.
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[. INTRODUCTION negligible. The improvement in accuracy is also due to fa-
vorable experimental conditions besides energy, such as the
MnO is conceptually the simplest transition-metal monox-perfect stability, monochromaticity, and homogeneity of the
ide, with Mn having a half filled 8@ shell, and the spin sub- incident y-ray beam. Single-crystal studies involving phase
bands being either completely full or completely empty, sotransitions with a lowering of symmetry need special precau-
that a crystal field cannot split the orbital singlet. Thoughtion to keep the specimen untwinned. Domain formation is
MnO is one of the most intensively studied compounds, bottsuppressed in the present study by the application of uniaxial
experimentally and theoretically, its electronic structure ispressure.
still a subject of controversy.
Electron density is the fundamental independent variable Il. CRYSTAL STRUCTURE
of many-electron density-functional thedrfhe spatial dis- i )
tribution of the electron density in the unit cgl(r) is a At room temperature, MnO is paramagnestlc and has NaCl
physical observable that can be obtained from high-qualitptructure(space grougFm3m; a=4.4457 A)> The transi-
diffraction data. An accurate determination of the electronfion to the antiferromagnetic state'B{=120 K is accompa-
density represents a strong constraint for theoretical calculdlied by a rhombohedral distortion with a contraction along
tions and should thus be very valuable for a better charactefhe (111) direction. The resulting crystallographic symmetry
ization of this prototypic compound. The purpose of theis trigonal(space grougk3m) and the only threefold axis is
present paper is to give a detailed exploration of the electhe compression axis. At 10 K, the rhombohedral cell param-
tronic charge density in paramagnetic and antiferromagnetieters area=3.1336 A andx=60.721°> For the present pur-
MnO obtained from extended sets of gamma-ray structurgose, it is more convenient to use a hexagonal unit(teiee
factors above and below the Bletemperature. We have times the volume of the primitive rhombohedral gedlith
found only one x-ray single-crystal study of MnO performedthe lattice constanta=3.1677 A andc=7.6336 A, and
at room temperature but a quantitative assessment of thgith Mn at 3a (0,0,0 and O at ® (0,0,1/2.
electron density is lackingOur investigation is a follow up In MnO, the magnetic structure is collinear and the spins
to a previousy-ray diffraction study of CoG. are perpendicular to the triad axis. It has been pointed out
There are important differences between diffraction datdhat such a structure is inconsistent with a rhombohedral
recorded with x rays or synchrotron radiation and higherdattice®’ The true symmetry should be lower than trigonal.
energy gamma rays concerning potential sources of systenih an effort to settle this issue we have performed powder-
atic errors* With the use of a photon energy above 300 keV,diffraction measurementsommercial sample of 99.99% pu-
the high-energy diffraction case is fully realiz§shoton en-  rity), making use of the high-resolution powder diffracto-
ergy » binding energy oK-shell electrong and a structure meter at BM1B(Swiss-Norwegian beamlineinstalled on a
factor accuracy at the 0.1% level is achievable, profitingbending-magnet beamline at the European Synchrotron Ra-
from low absorption and extinction, no dispersion correc-diation Facility. A partial powder pattern\&0.8 A) was
tions, and reasonably large samples making surface effectseasured af =5 K. Unfortunately, the angular resolution
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was limited by the sample quality. The peak widths at loww-scan peak widtk0.5°, full circular detector window
temperature increased by a factor of about 2 as compared t60.46°. The TDS contribution reached 12% at @in
room temperature, which most likely arose from internal=1.6 A=,
strain. Thus, no deviation from trigonal symmetry, resulting
in additional peaks or unusual peak shapes, was perceptible.

A neutron powder-diffraction pattern dt=4 K was re-
corded on the two-axis diffractometer E9 of the BERII reac-  Structure refinements were performed with the program
tor (Hahn-Meitner-Institut, Berlip using a wavelength of system vALRAY,™ minimizing x?=3w(|F,|?—|F¢?)?,
1.7971 A. The scattering angle range covered 10°-100%hereF, andF. are the observed and calculated structure
From a full pattern Rietveld refinement, an ordered magnetidactors, respectively. The observations were weighted solely
moment of 4.54(5)g per manganese was found, which is in by their counting-statistical variances.
good agreement with the previously reported value of
4.58(3)ug.°

IV. RESULTS

A. Independent-atom model(IAM )

Scattering factors for neutral Mn and O atolftise free
. EXPERIMENTAL AND DATA REDUCTION O?” ion is unstablgwere calculated from the Hartree-Fock
SHF) wave functions given in Clementi and RoéttiThe fit
parameters were the scale factor of the observed intensities, a
secondary extinction parametgBaussian mosaic width pa-
fameterg=0.6643/FWHM(rad], and the mean-square am-
plitudes of vibration of the two atoms. In the antiferromag-

The single crystal used in the present investigation was
cuboid of dimensions 2.892.95x<3.08 mn? containing a
(111) surface, purchased from MaTecKligh (Germany.
Bragg intensities have been measured on the gamma-ray d

fractometer at the Hahn-Meitner-Institut. This diffractometer™""" ) .
works with a commercially availabl&?r source of 200 Ci  "€tic phase the site symmetry is reduced, and each atom has

activity and a half-life of 74.2 days. The most intense line ofm’0 !n;jlependenft v;l])ratloréal cqtmpé)r}ents. t[n order ttf? redL;ce
the 199r spectrum at 316.5 keV0.0392 A was used. The '€ INMUeNce ol charge-density deformations in the outer

diffracted gamma rays were registeredarstep scan mode shells, high-order refinements were carried out, taking into
- - . 71 .
with an intrinsic Ge planar detector. Data sets were collecte§ccount only reflections with sii\>0.7 A"%. The final

at room temperaturéRT) and at 15 K[low temperature scale factor was fixed in later refinements with improved
(LT)] scattering models. To test for deviations from ideal stoichi-

Below Ty, crystallographic domains can occur, resultingometry, in particular, for metal deficiency, the occupancy of

from twinning of the crystal according to the four equivalentt.he mantganeslti site was_gIIO\l/vedl to vfarly '8 a high-order re-
[111] contraction axes. Domain formation can be preventec]mernen , resuiting in an ideal value o .0ap

by stress along a cubid11) direction. At LT, the sample was The secondary extinction factor fpr the strongest reflec-
forced into a monodomain by an applied stress of approxi:[Ion Of. thegRT data set, clfjllcqlated with the Becker-Coppens
mately 200 bar. The force was controlled by means of a Steéprmahsml (9=370rad ), is y(200)=0.970 §/=1qps/

spring, thereby eliminating uncontrollable thermal stress dur-kin: Wh_erelobs and I, are the observ_eq Intensity an_d Its
ing the cooling down process. kinematic value, respectively The minimum extinction

Data sets were collected up to #$in=1.6 A"1. The length amounts to 8@m, much larger than the expected size

completeness in independent reflections was 100% at RT arﬁ{) perIe(EIEhdorlnalns, SO thq: primary extt|.nct|on. tﬁﬁt?ftsh‘.’”ﬁ
86% at LT, where the weakest reflections were not measure@S€nt. 1he large mosaicity in connection wi e nig
An absorption correction was carried out u ( gamma energy used in this study thus assures almost pure
=0.534 cm ), resulting in a transmission range from 0.852 kinematic scattering conditions.

to 0.866. At RT, 436 diffraction data of high precision were

averaged over symmetry-related observations to 106 inde- B. Multipole model

pendent reflections with (1)/%1=0.0070. At LT, 420 ob- In the aspherical atom multipole model the electron-

servations of somewhat inferior precision were averaged tQensity distribution is projected onto a small finite basis set
267 independent data witho(1)/X1=0.023. The sets of f req| spherical harmonic functions centered at the nuclear
independent data were used for the further study. The daigositions with the local density rigidly following the motion
reductions were carried out using theaL suite of crystal-  of jts associated nucledd.The model is thus based on the
lographic program§ Profile fits of the rocking curves at both as5ymption that the electron-density distribution in the unit
temperatures revealed a Gaussian shape with a full width &g may be decomposed into contributions allocated to its

half maximum (FWHM) of 7', which is considerably cqnstituent atoms. For manganese, the atomic density is rep-
broader than the triangular primary beam divergence with @asented as

FWHM of 3.5". The crystal mosaic distribution is thus of a
Gaussian type with a FWHM of 6.1 4 |
The RT data had to be corrected for the contribution of — 3
inelastic thermal diffuse scatterin@DS) to the total inten- Pun(1) =P, cord 1)+ Rgd(Kr)go mE:O Pim==Yim==(1/1).
sity. The formalism of Skelton and Katmas applied, using _
elastic constants from Hearm@rand the instrumental pa- With the site symmetrym3m of the rocksalt structure the
rameters defining the sampled volume in reciprocal spacenly allowed higher multipole is the fourth-order cubic har-
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TABLE I. Quality of fit for the various scattering modelsl.p TABLE Il. Results from multipole refinements of paramagnetic
=Number of adjustable parameters. The numbers of unique refleand antiferromagnetic MnQJ;, andU, denote mean-square vibra-
tions are 106 at RT and 267 at 15 K. In all cases, the scale factdional amplitudes parallel and perpendicular to the threefold axis.
was fixed to the value obtained from high-order IAM refinements.

295 K 15K
IAM Monopoles Multipoles
Mn U, (A% 0.005 631) 0.002 383)
T=295K X2 652.6 184.3 148.2 U, (A 0.005 631) 0.002 1@2)
Np 3 6 8 K 1.0505) 1.0313)
T=15K X2 1228.0 886.6 516.1 Poo (l€)) 4.742) 4.752)
Np 5 8 14 Poo (le|A?) 0.7055)
P (le|]A% 0.185) 0.2055)

. L . S Pus. (|e[A%) —1.4617)
monic, which is a linear combination 9f,q andy,4. . Inthe 4 U, (A 0.005 846) 0.003 7818)
rhombohedral phase the site symmetry im and the con- U, (A? 0.005 846) 0.003 4010)
tributing multipoles are I(m)=(0,0), (2,0, (4,0, and p 0.9804) 0.9783)
(4,3+). Pya (|€]) 6.262) 6.252)

For oxygen, P20 (le|A?) 0.05(6)
4
pol r= PO,coré r)+ PO,vaIKspo,va( KI) IZ:Z+(|Z|§A)4) 0.047) _%‘;ii)g)

4 |
+ 2 KCRI(KT) 2 PinaYim=(r/r).
=2 m=0

lowest-order RT structure factors that have been measured to
a statistical precision below 0.1%.

, , and are unperturbed HF electron den- . " .
Phn,core: PO, core PO val P The static model densities, with the Debye-Waller factor

iti f th ropri mic orbi is the aver . A
sities of the appropriate atomic Orbitajsp v, IS the average omitted, were evaluated in direct space and checked for un-

of the 25 and 2 orbitals, normalized to one electron. For physical negative densities; they proved to be positive every-

Mn, the square of the radial part of thel Ianonical HF . : X :
orbitals is used to construct both monopole and multipolesWhere in the unit cell. Figures 1 and 2 show the static defor-

reflecting the fact that the deformation is essentially due td;?fggl d:g:Itjr?:?:higgzaéfcgggggzgtﬁsgmIﬁ:ru':ﬁ;el(\jﬂr|1natom
different d-orbital occupancies. The radial function for the pace. 9 y

=2 pole of oxygen consists of ap2p atomic-orbital prod- reflect the preferential occupancy of certaéh orbitals, .
uct. Thel=4 radial function of oxygen is a single Slater whereas the destabilized orbitals are manifested by regions

function r®exp(ar), with the standard exponene of electron deficiency. A detailed discussion of the deforma-

= 1 ; tion maps is given below.
=4.50 boh_r - Thex parameters a”OW for expansi¢r<1) It has been checked whether the current model density is
or contraction(x>1) of the radial functionsPq 5 andPy,

flexible enough to represent all systematic features available

e varble populaon coficets, Monopor RORUALCNTn te AT cata. It e ot that nlusion o tems for
Y y n or anharmonic terms in the Debye-Waller factors yielded

The spherical harmonics are expressed relative to a gIOb%lnly insignificant improvements of fit. Since thes-érbital

Cartesian frame, which is oriented parallel to the unlt'ce”contributes very little to the scattering its population cannot

axes for the_cu_blc phase. In the hexagonal ce_ll,z_tlae!ls 'S be reliably determined, and the number was kept equal to 2.
along the principal symmetry ax[€01], the x axis is along

[210], andy is chosen alon§j010] so that one of the ligands
lies in thexz plane. They,;. multipole function is defined
with positive lobes pointing towards the ligand atoms. The quantum theory of atoms in molecul@gM ), devel-

In Table I, the quality of fit is given for the various scat- oped by Badet® uses the electron density as its starting
tering models. It is evident that the data contain informationpoint, and provides a natural characterization of the nature of
going beyond the IAM. A large improvement of fit is already the interactions present in an assembly of atoms. Presence
obtained on the introduction of charge transfer and valenceand classification of a chemical bond are based on the exis-
shell expansion/contraction. The very high precision of thetence of a saddle poiibond critical pointr;) of the electron
RT data is reflected by the large valueyGffor the IAM. The  density between two linked atoms and on the value of the
results of the multipole refinements are listed in Table Il.associated Laplacial?p(re)=\;+\,+\3 (A; are the ei-
Note that the normalization condition for the aspherical dengenvalues of the Hessian of the density; designates the
sity functions is such that the coefficier®,,. correspond component along the internuclear axié\ large negative
to the local electrostatic moments in angstrom units value of V2p(r,) is typical for shared-electron interaction

Adjustment of the secondary extinction parameter givegcovalent bonyl whereas unshared-electron interaction
g=300(22) rad?! at RT, in fair accordance with the ob- (ionic bond is characterized b¥ 2p(r.)»0 combined with a
served value. The refined value at LT amounts go small value ofp(ry).
=184(63) rad!. Extinction factors calculated with the Additional, more quantitative information about the bond
Becker-Coppens formalism are listed in Table Il for thetype can be obtained by consideration of energetic aspects.

C. Analysis of the bonding state
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TABLE Ill. Low order structure factors of MnO in units of
electrons per cellT=295 K) with the extinction coefficientg re-
ferring to the reduction ifF2.

hkl Fo Fe y

111 52.293) 52.29 0.990
200 90.675) 90.66 0.974
220 73.0%8) 72.97 0.988
311 39.766) 39.69 0.998
222 61.124) 61.19 0.994
400 53.0%5) 53.13 0.996

R(F)=3|F,—F¢/3|F,|=0.000 81
R(0)=30(F,)/2|F,|=0.00081

The Laplacian function of the electron density is connected
with the electronic kinetic-energy densi®(r) and the elec-
tronic potential-energy density/(r) by the local virial
theorem?® 2G(r)+V(r)=(#2/4m)V?p(r). At r., the ki-
netic energy per electron, the rat@®(r.)/p(r.), should be
less than unity for covalent interactions and greater than
unity for ionic interactiongwhen expressed in atomic units
Abramov® recently proposed an expression fGi(r.) in
terms of p(r.) and V2p(r.), thus allowing its evaluation
from the model electron density. The potential-energy contri-
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FIG. 2. Aspherical contributions to the static model density in
the cubic(110) plane. Top: paramagnetic MnO with a density range
from —0.59 to 0.88 eA3. Bottom: antiferromagnetic MnO with a
density range from-1.73 to 0.71 eA3. Mn is located in the center
of the map. Contours are as in Fig. 1.

bution and consequently the total electronic energy density
H(r.)=G(r.)+V(r.) follow from the local virial theorem.
The characteristics of the bond critical points are listed in
Table IV. G(r,) was obtained from a series expansion
around the Thomas-Fermi result, which is a suitable approxi-
mation in the internuclear region whepér) varies slowly:
G(ro)=2.8713p(ro)1%%+0.166 6F2p(r,) with all quanti-
ties expressed in atomic uniSFrom inspection of Table IV,
the bonding state in MnO is evidenced as being purely ionic.
The corresponding values resemble those of sodium
chloride’® often regarded as the prototypical ionic com-
pound. It is found thaH(r.)=0, a result which has also
been obtained with CoO. It has been demonstrated by Cre-
mer and Krak¥ that for a covalent bondH(r.) is domi-
nated byV(r.) and is thus largely negative. Concerning the
ionic bonding interaction the situation is less clear with as-
sertions in the literature suggesting that in this céde.)
will dominate overV(r.), thus leading to positive values of
H(r.).'® However, our experimental results strongly suggest
the ionic bond to be characterized by the exact balance of the
two local energy densities.

FIG. 1. Aspherical contributions to the static model density in
the cubic(100 plane. Top: paramagnetic MnO with a density range
from —0.22 to 0.89 eAZ. Bottom: antiferromagnetic MnO with a
density range from-1.82 to 1.29 eA®. Mn is located in the center
and the corners of the maps. Solid lines represent positive regions;
and dashed lines negative regions in steps of 0.05°efhe zero
contour is omitted. The densities are truncated-t25 eA 3.
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V. DISCUSSION

A. Vibrational parameters

The mean-square amplitudes of vibration at RT are almost
the same for both atoms&)(Mn)/U(O)=0.964(10). It has
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TABLE V. Characteristics of the bond critical points in paramagnetic and antiferromagnetic MnO. Values
of p are ine A~ 3; values ofV?p and\; are ine A 5. G, G/p, andV are given in atomic units.

Ie p(re) Vzp(rc) Ni23 G(re) G(re)/p(re) V(re)
Fm3m
0.249@3), 0, 0 0.3351) 5.093) —1.251) 0.05442) 1.0975) —0.05606)
—-1.251)
7.582)
R3m
0.3486), 0.1743), 0.4234) 0.2854) 49512 —0.656) 0.049G9) 1.16123 —0.046522)
—0.585)
6.199)

been predicted that once the temperature becomes compa{.0034 & at LT, respectively. The calculated values are
rable to the Debye temperatu@y, , both atoms of a binary rather close to our experimental results.

compound with a cubic crystal structure should vibrate

equally, irrespective of their massEsErom the two sound B. Monopole parameters

velocities one find® =350 K, which is sufficiently close Within standard deviations, the monopole parameters are
to the temperature of the experiment. This qualitative underthe same at the two temperatures. Pronounced deviations
standing of the vibrational behavior fails, however, in thefrom the independent-atom values are observed. The manga-
case of cubic CoO, wherd (Co)/U(0)=0.80(2) at 305 K nese valence sheI_I _is contracted_by about 4%, Wherea_s the
and ® =340 K. The proximity of the magnetic phase tran- oxygenL shell exhibits an expansion of 2%. The expansion/
sition in CoO (Ty=290 K) might account for the failure of contraction resembles that found for CoO.

the prediction from lattice-dynamical considerations. The valence electron population of oxygen is 6.25, corre-

sponding to a net donation of 0.25 electrons from the man-

The vibrational parameters obtained in this work aré cony,nese ‘atom. The charge transfer should be invariant with

siderably smqller than the values reported by Sasaki, Fujinqespect to the magnetic phase. It is worth noting that this
and TakeucKi from an x-ray study at 297 KU(Mn)  important constraint is quantitatively satisfied. The radial
=0.00781(6) andJ(0)=0.00912(25) A. The difference  scaling parameters are consistent with the charge transfer. A
betweenU(gamma ray andU(x ray) is of the same order as more positive atom, such as Mn, is expected to contract in
the difference for CoO reported in Ref. 3. The discrepancy ig/iew of the decreased screening of the nuclear charge. The
due to the reduced monochromaticity of a graphite mononet charges refer to the total charge content in the monopole
chromated x-ray beaff.It contains a bremsstrahlung com- functions which extend from zero to infinity in the radial
ponent with a large wavelength spread that fully contributesCO(_)I_rﬁé”?ct)‘taél Sumber off electrons on Mn is found to be

to the measured intensity atlow Bragg angles and is proqress-igniﬁcantly smaller than the formal value of 5. In MnO, the

sively truncated at higher angles. The contribution of theOrbital magnetic moment is expected to be absent, which was

bremsstrahlung depends on the tube voltage and leads F@cently confirmed using magnetic x-ray diffracti®nThe
vibrational parameters that are systematically too large. ThBopuIation of the monopolar deformation function can there-
spectral width of the 316.5-keV photon beam 48\/N  fore be compared straightforwardly with the magnetic mo-
=10"° and no monochromator is needed. ment on(high-spin manganese. To deduce the absolute mo-
At LT, the two atoms vibrate distinctly differently, ment, the zero-point spin deviation has to be taken into
roughly according to the corresponding mass ratio. Despiteonsideration. It was calculated by Lines and Jéhes be
the relatively small deviation from cubic symmetry the an-3.0% for MnO. The absolute magnetic moment as obtained
isotropy of the zero-point mean-square amplitudes is highlffrom neutron diffraction is thus 447 . The close agreement
significant for Mn. The vibrations along the threefold axis between they-ray and neutron results supports the reliability
are larger than in the orthogonal plarg;/U, =1.132).  of the multipole partitioning leading to physically meaning-
For O, the same result is obtained, though with increaseéul atomic charges. Finally, it is noteworthy that the spin
uncertainty: U, /U, =1.11(6). In antiferromagnetic CoO, magnetic moment can be deduced from a charge scattering
the corresponding anisotropy ratio amounts to (Gl6or  experiment.
Co. The experimental finding supports a recent theoretical Complementary information about the spatial extent of
investigation of MnO in which it was argued that the antifer- the unpaired electrons is also accessible from magnetic neu-
romagnetic ordering by itself induces a noncubic behavior ofron diffraction. A radial contraction of thed3charge distri-
some nonmagnetic propertié's. bution was found in CoO and NiO from single-crystal unpo-
Isotropic mean-square amplitudes of vibration have beefarized neutron studies, and it was concluded that, in general,
calculated by Hewat using a simple rigid-ion mode¢-  the crystalline environments tend to contract the magnetiza-
ported in Ref. 22 The corresponding values at&(Mn)  tion density distributions of the magnetic electréhg\ccu-
=U(0)=0.0061 & at RT andU(Mn)=0.0019 &, U(0) rate powder-diffraction measurements of the spherical mag-
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netic form factor of Mn in MnO, however, reveal close TABLE V. Orbital-multipole matrix for trigonal symmetry that
agreement with the independent-atom c&s€his result is  should replace Table 8.7.3(6) in Ref. 35. The matrix differs from
not consistent with our findings. We can offer no explanatiorthat used for the calculation of Table VI because of differences in
for the discrepancy except to point out that taeay data are  the normalization of the density functions.

more directly related to the radial parameter whereas the

neutron data require a variety of treatments, such as separa- Poo P20 Pao Paa
tion of overlapping magnetic and nuclear intensities anc (4 y 0.200 1.039 1.396 0.00
gauge of the magnetic intensities. It should be noted here th@{z(eg) 0.400 —1.455 0.00 _3554
retrieving the magnetic form factor is a far more ambitiousps(eg) 0.400 0.416 _1396 3.554
type of experiment than determination of the magnetic mo-,~, ¢, ' ' ' '
ment. Pi(egeq) 0.00 —2.646 1.974 2.513

It is interesting to compare the experimental local mag-
netic moment withab initio calculations. Several improved _ . .
density-functional schemes have been applied to MnO, ingtr_\er six faces are equn_/alent and lobllque to the t.hreefold
cluding the local spin-densitit. SD) approximation also tak- 2XiS- Therefore, théyq orbitals of cubic symmetry split into
ing into account the Hubbart) term (LSD+U) and the @& singleagy with its lobes pointing along the thregfqld axis
generalized gradient approximatidGGA). The following and & doubly degeneratg, level, whereas the origina,
values have been reported for the magnetic momegj bn orbitals ,regiun their symmetry characteristic and are now
Mn: 461 (LSD+U),® 485 (LSD+U),2" 4.68 termedey . The symm(—;-try—_adapted set that correlates with
(LSD+U),?8 4.15(GGA), % and 4.47(GGA).* In a recent the octahedral orbitals is given y=d., &g, =ade_y2
study?! using the periodic HF scheme a value of 4.92 was—P0xz, €g-=adyy+bdy,, €;, =bd,2_y2+ad,,, ande;_
obtained. Although the theoretical data scatter quite a bit=bdx,—ad,,, where a=2/3 andb=11/3. Here, the
agreement between the calculated noninteger Bohr magnetdireefold axis is taken as thedirection, and thex axis is
numbers based on the LS0J and the experimental ones is chosen so that one of the ligands lies in teeplane. The
fairly good. signs of the linear combination imply a positieg lobe in
The AIM theory"® provides a unique partitioning of the the positivexz quadrant. The angular distribution of thel 3
total charge density into a disjoint set of mononuclear re<lectrons is then given as
gions, termed atomic basiri€}), which are bound by a sur-
face whose flux of the gradient vector fidlgp(r) vanishes.
The electron population of an atom is obtained by integration =P, (ag)?+ }P [(e,.)2+ (e, )]+ EP [(e!,)?
of p(r) over its basin. The net atomic chargéQ) is the Pad™T1ldg) T 5 T2l Bt 9 2 tiTet
difference between the nuclear charge and the integrated 1
electron population. Application of the space partitioning al- +(el )]+ = Py(eg. €., +e, €. ).
gorithm by Flensburg and Mads&mives q(Mn)=—q(O) g 2 Wrerrer e
=1.23e|, andV(Mn)=10.40 A% andV(0)=11.57 A%. The
summations of the atomic volumes a_mq populations_ over th@L P,, and P5 are the number of electrons in the corre-
unit cell reproduce/; andF(000) to within 0.01%. Asinthe  sponding orbitals. The additional cross product term is
case of CoO, the net atomic charges are considerably Sma”BFesent because the and eg’, orbitals belong to the same
than the formal value of 2. Though the AIM charges have asymmetry representation and may mix; the parameters

clear and rigorous significance, they are not amenable f,|ateq to the extent of mixing. It should be noted that the
comparison with the results of other physical methods. Th'%rbital-multipole matrixM ~* for trigonal symmetry that is

Eltua'gon |shquc|;tre hdllfl'ferre]nt from thﬁ pzi)mtlon:jng scheme given in Ref. 35 is incorrecttwo elements of the inverse
ased on the &-shell charges, as has been demonstrated, .y M are too large by a factor of)2The correct matrix

above. is therefore given in Table V. The populations of thd 3
orbitals derived from the Mn multipole parameters are listed
C. d-orbital populations of Mn in Table VI.

The 3d-electron density may be described by multipole _ ] _
functions(as abovgor, alternatively, it may be expressed in _ TABLE VI. 3d-orbital populations on Mn; in the hexagonal cell
terms of the atomic orbitald; . There is a linear relationship zis along[001] andx is chosen so that one of the ligands lies in the
between the multipole population and tHerbital popula- ~ *ZPlane.
tion coefficients(provided the expansion is truncated lat

=4 and overlap between metal and ligand orbitals isOrbltal m3m Orbital 3m
negligible.* In the cubic field, thed orbitals split intoe; ¢ 2.11(4) e 1.259)
(x2—y?,2%) orbitals pointing towards the ligands atg (xy, tzg 2.635) o 2.239)
Xz, y2 orbitals pointing between them. ’ ag 1.274)
On the lowering of the symmetry from cubic to trigonal, e g/ ~0.788)
the coordination octahedron of the metal atom has symmetry .., 4 4.742) o0 4.753)

3m. Two of its faces are perpendicular to theaSis; the
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The d-orbital analysis clearly reveals the crystal-field ionic configuration. The admixture or covalency parameters
splitting. Surprisingly, in the cubic crystal field the ratio of in MnO are of the order of only 1%
the ey /t,4 population is 0.80, which is considerably larger A covalent coupling between ligands and helectrons
than the ideal 2:3 ratio corresponding to a spherical high-spinf the magnetic ions is essential for the superexchange
Mn atom. For this reason, tfeg orbitals show up as peaks in mechanisnt®*In this scheme, a configuration interaction is
Figs. 1 and 2top) whereas thé, orbitals correspond to the set up involving excited states. Examination of a cluster
regions of charge deficiency relative to the spherical atommodel consisting of three sites, with the ground state
Our experimental result is in qualitative agreement with re-Mn?*-0?"-Mn2*, and virtual transitions to the three ex-
cent theoretical work (LDA U method®) where it follows  cited configurations MA-O™-Mn?*, Mn?*-O~-Mn", and
that the charge rearrangement betwegrandt,, leads to a Mn"-O-Mn", leads to an energy shift of the ground state,
reduction of the large value of the on-sitel £oulomb re-  part of which depends on the relative spin orientations of the
pulsion. A similar situation has already been noted in cubionanganese and can be expressed in the Heisenberg form;
CoO, where the experimental value gf/t,,=0.51 is also that is, a substitute Hamiltonian of the exchange type is de-
larger than the nominal 2:5 ratio. veloped. Overlap between cation and anion orbitals is funda-

The populations at LT are very different from those pre-mental to the theory. The present study, however, ascertains
dicted from electrostatic considerations. The Mn-O distancéhe absence of any shared-electron interaction between the
of 2.223 A in the cubic phase is elongated to 2.228A in théVin and O atoms.
rhombohedral phase. According to crystal-field theory,e@e An alternative approach which involves electron correla-
orbitals pointing along the ligands should therefore showtion rather than exchange to treat the antiferromagnetic spin
little difference in population compared to the cubic phasecoupling has been proposed by Sidfere pointed out that
Actually, it is found that 0.9 electrons are removed frefn  in the transition-metal monoxides an oxygen ion is acted on
into e,. The e} orbital is now depopulated relative to the DY three neighboring metal ions in one plane with spin up
spherical atom. The larger occupancy of theorbital than and thre_e others in the c_)pposne_ plgne with spin (_jown so that
the eé orbital is related to the negativ®,;, population. For there will be no net spin polarization of the anias the

exact cubic symmetry the relative occupancies of the isolate[:POdel.Of a I.ine'ar chair_1 OT i.ons suggests on accqunt O.f the
atom are 40% Qé), 40% (), and 20% @,). The experi- exclusion principlg An individual oxygen orbital with spin

. J up, however, will be exposed to a lower potential in the plane
&/ 0,
mental result reveals strong anisotropy with 268g)( 47% of Mn spin-down ions and a higher potential in the plane of

(eg), and 27% @g). Theey e, cross term is highly signifi- - \1n snin_up ions. There will be the opposite effect on oxygen
_cant, Wh_lch reflects the considerable amount of orbital MiXpin-down orbitals. As a result, the charge distribution of
ing. In Figs. 1 and Zbottom), the regions of electron deple- 4y gen will be distorted, such that one side of it will have an
tion around the manganese atom display #feorbitals,  axcess of spin-up charge, the other an excess of spin-down
whereas the maxima corresponddgp. The electron with-  charge. The antiferromagnetic configuration is thus stabilized
drawal along the Mn-O bond is qualitatively similar to the py the deformation of the outer electron shell of oxygen.
distribution in antiferromagn-etic Co0. The aspherical Com'Both an expansion and a deformation of the oxygen valence
ponent of oxygen, however, is almost an order-of-magnitudghell are clearly revealed in the magnetically ordered state.
smaller in MnO than itis in CoO. The observed anisotropy inThe view that electron correlation rather than exchange ef-
electron subshell population is at variance with the commonects are responsible for the magnetic ordering in MnO is
view according to which lower than cubic effects can betherefore not inconsistent with the present study. As already
ignored in antiferromagnetic MnO. mentioned earlier, however, the oxygen deformation is al-
In the case of magnetically ordered CoO, the obserd 3 most an order-of-magnitude smaller than the corresponding
occupancies allowed an unambiguous assignment of Spigne in CoO.
magnetic moment to the individual orbitals. In MnO, how-
ever, the orbital populations are fractional, which prevents a
corresponding assortment. Noninteger orbital occupancies VI. CONCLUSION
will result when the electronic ground state is inaccurately
described by a single configuration, and a better descriptioHO
is in terms of configuration interaction, a mixture of several
configurations.

A detailed investigation of the electron-density distribu-
n in paramagnetic and antiferromagnetic MnO has been
presented. The very shostray wavelength of 0.0392A, in
connection with a sample of suitable mosaicity around, 10
allowed almost extinction-free measurements. Employment
of the multipole expansion formalism to account for crystal
A decrease of the magnetic ion moment compared to thbonding deformations brought large improvements compared
free ion moment due to a partial transfer to the ligands is noto the independent-atom model, and yielded a reduced chi
unexpected in antiferromagnetic salts. It is commonly intersquare close to 1, practically exhausting the accuracy of the
preted in terms of a molecular-orbital modéThe admix-  data. The main features discovered are the followingrhe
ture of ligand orbitals into the central iahorbitals may lead 3d valence shell is contracted by about 48b) Substantial
to an overlap density as well as to a spin transfer from thealifferences occur between the electron-density distribution in
metal to the ligand. The admixture parameters are small anthe two magnetic phasesii) In the cubic phase, a non-
the covalency effect is treated as a small perturbation of thepherical distortion of the half filled shell is revealed(iv)

D. Aspects of superexchange
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