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Charge Density of MgO: Implications of Precise New Measurements for Theory
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A tenfold improvement in the accuracy of measured low-order structure factors for MgO has been
achieved using the convergent beam electron diffraction technique. These results allow a meaningful
comparison to be made with the latest calculations. We find that the MgO charge density can be
described by a superposition of spherical Mgaind G~ ions, but that a small nonspherical distortion
of Mg and O is observable in both experiment and theory. The experimental charge distribution of
O?~ is more diffuse than the theory, which may be due to the breathing effect ofirDa vibrating
lattice. [S0031-9007(97)03416-9]

PACS numbers: 61.14.—x, 61.50.Lt, 71.20.—-b

Our knowledge of crystal bonding is often derived with silicon show that the structure factors of both strong
from indirect evidence and theory rather than from theand weak reflections can be measured with an accuracy
direct measurement of charge densities. An example ievel of about5 me/atom, comparable to the best x-ray
NaCl, which is the prototype of ionic bonding. Yet, Pendelésung measurements [9].
the experimental evidence for ionicity cited in textbooks MgO low-order structure factors up to (422) were mea-
(e.g., [1]) has an uncertainty in the measured structureured by the CBED method at room temperature. Seven
factors (SF) [2] far larger than the difference betweenseparate measurements were made for different reflections.
models consisting of neutral atoms or ions [3]. TheFive of these measurements were done on the same MgO
most accurately known experimental charge density is foplatelet. Estimated errors [10] for the important (111) and
silicon [4]. The availability of large, perfect grown silicon (200) reflections are a factor of 10 smaller than for previ-
crystals makes it possible to apply the Pendel6sung methazlis x-ray measurements [11]. Details of the measurement
which takes full account of multiple scattering effects.are given in a separate paper [10]. The structure factors for
However, ionic crystal charge densities are not as wel{511) and higher were taken from the single-crystal x-ray
known. The accuracy of x-ray andray SF measurements measurements of Lawrence [12]. These are important for
[5,6] is limited by extinction effects to about 1%. For the determination of Debye-Waller factors. Lawrence’s
strong reflections, such as the (200) of MgO, measurememieasurements are chosen over similar measurements by
errors in previous experiments greatly exceed differenceSanger [11] because Sanger's MgO crystal was intention-
calculated for different bonding models. ally damaged by neutron irradiation to reduce extinction

We have developed a versatile and general quantitativeffects. Lawrence and Sanger’'s data differ systemati-
convergent beam electron diffraction (CBED) techniquecally for the weak odd-order reflections. Table | lists our
for accurate measurement of structure factor amplitudesoom temperature (RT) structure factor measurements up
and phases [7]. The method takes advantage of the sute (400). For comparison, various theoretical models are
nanometer probe available in the field emission electromlso listed. The theoretical RT structure factors listed are
microscope. Using such a small probe, a region of perealculated using Debye-Waller factorsBy;, = 0.305(2)
fect crystal can almost always be found. The small-angl@nd Bo = 0.340(3), with B,, = 0.319 A%, which are ob-
scattering of high energy electrons also significantly retained from model analysis of the measured structure
duces the influence of residual strains from defects. Wéactors (see below). The crystal structure factor was cal-
compare the experimental intensity profile across a CBERulated using the full-potential linearized augmented plan
disk (the rocking curve) with calculations. The theoreticalwave method (LAPW) using the WIEN95 package [13].
intensity is calculated using the Bloch wave method [8],Both the local density approximation (LDA) [14] and gen-
with structure factors, absorption coefficients, the beangralized gradient approximation (GGA) [15] were used.
direction, and thickness as refinable parameters. EleFhe GGA goes beyond the LDA by including the first
tron diffraction measures the Fourier coefficients of thederivative of electron density in the exchange and correla-
Coulomb potential directly; these are related to the chargéon energy functional. Parameters such as the muffin-tin
density through Poisson’s equation. A small change if{MT) radius and number of points were varied to en-
the low-order x-ray structure factors leads to a large relasure numerical convergence. Following the example of
tive change in the Fourier coefficients of the potential.Lu et al. [16], we assigned individual temperature factors
Thus electron diffraction measurements are extremely ader charges inside each muffin-tin sphere and an averaged
curate for low-order “bonding” structure factors. TestsDebye-Waller factor for charges between the MT spheres.
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TABLE I. Listing of the present measured low order structuredirect measurement of charge density is limited to a
factors of MgO, and comparison with theory. few SF’'s. Here we propose a particularly useful scheme
hkl Present DE-N DE-ION® LDA¢ GGAY for distinguishing different bonding models by using the

scattering factor of the transferred electroag. For
111 11.142(20) 12.389  11.090 11.175 11.082 MgO, Af is defined as the difference between the crystal

200 52.89(3) 52.030 53.040 52.765 52.918 + ; ;
220 40.68(8) 41073 41062 40953 41072 SFf}r”fj that for Mg* O, calcu!ated using a spherical
Mg™™ ion and a neutral oxygen:

311 12.41(12) 12.309 12.633 12.356 12.401
222 33.75(12) 34.005 33.800 33.777 33.865 — (_1\htk+1 N Mg+

400 29.01(8) 28.993 28.790 28.949 29.012 Af (1) [F(h’k’l) 4f (S)

3 . . . — (=)0 (9)]/4. (1)

=~ _ _ The phase factof—1)"***1 is applied because, in the
Superimposed spherical atoms. ionic model, the two Mg3s electrons are transferred to

®lons calculated using the Dirac-Fock method. hich is displaced b 111 lati
“Crystal structure factor calculated using LAPW and LDA. ~ 0Xygen, which is displaced by a vectfy, 7, ;) relative

dCrystal structure factor calculated using LAPW and GGA. t0 Mg. In the neutral-atom model, thés electron
wave function is centered on the Mg site, ang will

fluctuate due to the phase factor, whereas, in the fully
The atomic charge densities were calculated using th@nic model, Af should follow the smooth curve given
multiconfigurational Dirac-Fock (MCDF) program [17]. by the difference between the scattering factors &f O
The G~ ion was stabilized using the Watser2 poten-  and O, or f2, = for — fo. Figure 2 plotsAf for
tial well [18]. Table | showsk factors comparing theory the experimental and LAPW structure factors afig),
and the SF data set of the present measurements, togethgained using the Dirac-Fock method and a Watson
with the high-order structure factors of [12]. The lowestsphere of 1.2 A radius. The largest contribution comes
R factor was obtained using the LAPW and the LDA. Forfrom (111) and (200). It is clear that overall both the
the G~ Watson model, 4.2 A sphere radius fit best. experimental and theoreticalf resemblef,,. A model

Figure 1 shows a map of the difference between theyf Mg2* O~ with the remaining electron distributed more

crystal charge density and that of superimposed neutrg)r less uniformly for the charge density of MgO was
atoms for a (100) plane of the cubic unit cell of MgO, for proposed by Vidal-Valagt al. [22] and Bukowinsky [23].
both experiment and theory (LAPW using LDA). For the For this model Af is about halff,, since the remaining
theoretical map, atomic references were calculated usingniformly distributed electron only contributes at the
LDA. The experimental map was obtained using theorigin. This model does not give a good description of
multipole fitting data described below. Both experimentthe experimental results.
and theory clearly indicate charge transfer from Mg t0 There are systematic differences between the charge
O, although strictly speaking it is not possible to definedensities of the experiment, the LAPW-LDA, and the
charge transfer uniquely from the static charge densitgpherical Mg* 0>~ model, as shown in Fig. 1. The
[19]. The theoretical charge density can be directlyexperimental charge density has a much lower minimum
compared with models, and this favors a description withthan the theory. Figure 1 also shows clear deviations in
a charge transfer of two [20,21]. Experimentally, thepoth experiment and the LAPW-LDA structure factors

from the smooth curve of the spherical ion model; this

R factor 0.011 0.0072 0.0063 0.0067
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FIG. 1. The (001) plane difference charge density map be- 02 04 06 08 1 1.2
tween crystal and superposition of neutral atoms for (a) ex- ) ) ) ) )

periment and (b) LAPW using LDA. For details, see text. FIG. 2. Scattering factofAf) of the two Mg 3s electrons

O sits at the corner and the center of the map, while Mg is akt an oxygen site obtained from experiment, the LAPW using
the middle of the edge. The contour intervabie3 ¢/A3. LDA, and the Watson sphere model.
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suggests a nonspherical charge distribution. To quantifdue to the additional charge modulation in the core
these differences, following the example of Dawson [24]region in the LAPW charge densities. The introduction
Stewart [25], and Coppenst al. [26], we propose the of nonspherical terms in the model only improves the

following charge density model: R factor by 0.03% and 0.02% for the experimental
, . and theoretical charge densities. Both experimental and
F(hk,l) = 4(fyg + (2 = @)fss + 1) theoretical charge densities are well described by the
« exp(—BMgs2) + 4(—1)irhH full ionic model with a charge transfer of two electrons.

Both experiment and theory indicate the existence of
X (fo + qf2p + 8fHexp—Bos?). (2) hexadecapole modulations. However, the magnitude of
the nonspherical term is difficult to quantify due to the
Here, scaled spherical M and O charge densities are |imitations of experimental accuracy and the proposed
used as a reference, afids the atomic scattering factor. charge density model. The effect of the hexadecapole
The scaling is carried out using = >, f.(s/k,), with  term is opposite for Mg and O. For oxygen the charge
scaling constank,. For the deeply bounds electrons, s slightly distorted towards the Mg, and for Mg+
the influence of crystal fields is generally small, so thathe charge is pushed away from>0O The biggest
k, = 1. lonic bonding is described by introducing the difference between LAPW-LDA and experiment (Fig. 3)
charge transfeg. Here f3; is the scattering factor of is the distribution of the extra two electrons near O.
the Mg 3s electrons, and, is the difference scattering Figure 3 plots the spherically averaged charge density
factor between & and O. To a good approximation, we difference between © and O as found from the model
found thatf,, is well described by the Fourier transform refinements for both experiment and LAPW-LDA. For
of the functionr" 2e~*". Heren anda are determined comparison, the Watson model o Ois also plotted.
by fitting. For G, calculated using a Watson sphere, The size of G~ in the Watson model increases with
n =5 fits best. Theéf terms in Eq. (2) describe the the radius of the potential well. As seen in Fig. 3, the
contribution of the centrosymmetric nonspherical term inexperimental charge is significantly moved outwards,
the crystal charge density. We consider only the indicating a bigger and more diffuse?0 ion in the
4 Kubic harmonic term (the lowest nonzero term). Thereal crystal. This difference is due largely to the (200),
associated charge density in real space is (220), and (311) structure factors, which consistently
; show a lowerAf than theories (Fig. 1). The difference
p(r) = 13.68534HN, r" exp—Br) is significantly larger than the estimated experimental
X [(x* + y* + 29/t = 3/5] (3) error in those reflections. This difference in oxygen
charge distribution, which is significantly larger than the
with N, = "3 /(n + 2)!, andH and 8 are determined difference between theories, could be due to the failure
by fitting. Table Il summarizes the results of the fitting of the rigid ion approximation, or the polarizability of
for both the experimental and calculated LAPW chargeQ?~. Presumably, the charge distribution of Qs given
density using LDA. The parameters were graduallyby the average of the instantaneous charge configurations
introduced into the refinement to check the significance ofletermined by vibrating neighboring ions, rather than the
each parameter. For the experiment, the refined Debyestatic one assumed in the theoretical calculations. The
Waller factors for Mg and O are almost independentchange of @ charge distribution with lattice potential is
of the model. The averaged Debye-Waller factor isknown as the breathing effect.
0.319 A2, slightly larger than 0.308(3) obtained from A larger G~ ion is also consistent with the measured
thermodynamic measurement [27]. Both the experimentahean potentia(®o) of MgO, which is 13.01(8) V [28].
and theoretical charge density are well described by thAccording to Bethe [29], the mean potential of an atom is
spherical-ion model, with scaling. For the experimentalproportional to(r2), and so is highly sensitive to atomic
charge density, we found that it is only necessary to scalexpansion, and can be calculated from the pseudoatoms of
the 2p electrons in Mg and O. For the LAPW charge the multipole model. The best-fit parameters of Table I
density, scaling of the2s electrons is also important give ®o = 12.76 V for experiment and 12.28 V for the

TABLE Il. Results of model fitting of experimental and theoretical charge density of MgO. The scaling corstantisted
for 1s and2p.

Mg O
(kn — 1% B H B (kn — D% B H a B gle) R X 1073
Expt. 0; 0.26 0.306 0;1.2 9.04 0.340 6.46
m=9n==6 0; 0.17 462 030 0.306 0; 0.4 3.88 —0.11 7.95 0.339 2.0 6.12
LDA 0.15; —0.3 1.3; 0.26 6.17 0.84
m=6n=5 015-03 6.27 0.19 1.4;0.3 3.62 —0.14 6.06 2.0 0.67
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