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Ab initio transmission electron microscopy image simulations of coherent Ag-MgO interfaces
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Density-functional theory calculations, within the plane-wave-ultrasoft pseudopotential framework, were
performed in the(110 projection for MgO and for the cohererftl1l} Ag-MgO polar interface. First-
principles calculations were incorporated in high-resolution transmission electron micr@gstRpgM) simu-
lations by converting the charge density into electron scattering factors to examine the influence of charge
transfer, charge redistribution at the interface, and ionicity on the dynamical electron scattering and on calcu-
lated HRTEM images. It is concluded that the ionicity of oxides and the charge redistribution at interfaces play
a significant role in HRTEM image simulations. In particular, the calculations show that at oxygen-terminated
{111} Ag—MgO interfaces the first oxygen layer at the interface is much brighter than that in calculations
with neutral atoms, in agreement with experimental observations.
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I. INTRODUCTION This paper concentrates on the effect of charge redistribu-
Metal ceramic interfaces play an important role in thetion and charge transfer at polar Ag-MgO interfaces, at
performance of many advanced matefid@iExamination of Which we expect electron transfer from the terminating Ag
the atomistic structure with high-resolution transmission&l0ms to the terminating oxygens. This serves as an ideal
electron microscopyHRTEM) may lead to a more funda- model system, since its gle_ctromc structure and energy can
mental insight into the adhesion and the nature of bondin#’e calcu:atﬁd reltl)aé)ly Wthm the fLamer\]Nork ?f d.ens'tfy'
between dissimilar materialsin fact, the heterophase inter- junctional theory(DFT). We expect that the qualitative ef-

face structure is a fingerprint of possible bonding across thi€Cts Of this charge transfer on HTREM images will be gen-
ralized to other cases of polar-oxide—metal interfaces The

interface. Interface dislocations serve as detectors of the Coﬁ%eaning here opolar, we recall, is that the oxide surface
pling between these dissimilar materials and HRTEM Serveiqalf would be nons,toichiomet,ric, carrying an excess of

as a sensdrNevertheless, to determine the atomic structureCharge if constructed without the metal to which it is
of interfaces it is essential that experimental HRTEM Obserbonded. If the metal to which it is bonded is also a compo-

vations are compared with image simulations. Quantitativg,ent of the oxide, then of course no unambiguous separation
structure retrieval from HRTEM micrographs has demon-of metal and oxide can be made.

strated the need of incorporating atomic bonding, i.e., amore For 3 comparison with experimental observations refer-
accurate description of the electron scattering in thinence is made to Refs. 1 and 12—14. Metal-oxide interfaces
crystals*> At present HRTEM image simulations rely on were fabricated by internal oxidation to obtain many small
scattering factors of neutral atoms and standard calculatiopxide precipitates inside a metal matrix. This method pro-
of dynamic electron diffraction starts with a superposition ofduces many clean interfaces for investigations in each
the scattering potential of atoms. The atomic form factors aresample and such internally oxidized samples are easy to pre-
presented in the literatufebut only at specific sampling pare for transmission electron microscopy. MgO precipitates
points. To interpolate the atomic form factors for any spatialin Ag after internal oxidation show no clear facets and are
frequency the data are fitted using a sum of Gaussian funaiearly spherical with a size of 5 nFAA more complex sys-
tions as introduced by Doyle and Turrfddowever, the dif- tem, for which no first-principles calculations have yet been
ference between neutral and ionic scattering is verymade, is obtained by internal oxidation of Ag—3 at. % Mn
significant’! On the other hand, detailed experimental inves-at 900 °C for 1 h. The product in this case comprises®in
tigations on structure factors obtained with the convergenttetragonal distorted spineld/amd) precipitates bound by
beam electron diffraction technigtieevealed that the effect {111} planes with a size of 5—20 nM.Figure 1 shows an

of ionicity on images is rather small. Furthermore, the effectexample of a HRTEM image of in the10 viewing direc-

of ionicity on HRTEM image simulations based on first- tion of a polar{111} Ag—Mn30, interface. At the interface
principles calculations was studied in sapphire by Gemming distinct bright line, as indicated by the arrow, is present that
et al,® who found no significant difference with simulated can be a consequence of the bonding, image charge forma-
images of neutral atoms. On the other hand, Fresnel-like feaion in the metal as a reaction to the polar interface and/or
tures are expected to be present at places where the meelmarge transfer. In order to test if these effects significantly
inner potential changes rapid®** and this observation is influence HRTEM images, image simulations of the
relevant for metal-oxide interfaces. Ag-MgO interface based on the charge-density distribution
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FIG. 2. Schematic illustration of th¢111} Ag-MgO model
with vacuum on both sides of the interface. This model is used to
obtain the relaxed Ag coordinates for a model without the presence
of a vacuum(see Fig. 3.

codes. GGA calculations using pseudopotentials derived
within LDA can differ significantly from those using pseudo-
potentials generated in GGA modtlt is therefore advis-
able, for reasons of consistency, to use the same exchange-
correlation functional for the applications as was used to
generate the component pseudopotentials.

The {111} Ag-MgO interface is known to be semicoher-
ent with a mismatch of 3.07%. The ratio of the MgO and Ag
lattice constants is approximately 34/33 and with this ratio,
the smallest possible periodic structure representing the in-
terface would contain at least 999 Mg or O atoms and 1156
Ag atoms, which is currently far too big for first-principles
calculations. Nevertheless, this small mismatch implies that a
) . substantial fraction of the interface is coherent. Calculations

FIG. 1. Experimental HRTEM micrograph of afilll} Ag  on the {111} coherent Ag-MgO interface therefore provide
-Mn30, interface in the110 viewing direction. The bright line at e qistic information about the coherent patches of the real
the outermost monolayer at the metal side of the interface is indi;yiarface. The small mismatch of the Ag-MgO interface was
cated by a white arrow. eliminated by adapting the lattice parameters of both Ag and

MgO to 4.20 A. The relaxation of the Ag atoms with respect
derived form first-principles calculations are performed. Theto the MgO was carried out in slab geometry with free sur-
bonding across the interface is analyzed by comparing thgaces on both sides of the interface and periodic boundary
“realistic” interface calculations with those involving atomic conditions. The Brillouin zone of the Ag-MgO was sampled
blocks with free surfaces and with those of neutral atoms. Irby 1x4x8k points (spacing of 0.04058 0.04860
this way, our study addresses the question if the “realistic”x 0.04209 1/A. The model of the polar Ag-MgO interface
image simulations of HRTEM images lead to deviatieas s depicted in Fig. 2. On both sides of the interface a vacuum
the interface only or at both the interface and within theof width 5.42 A was included. The periodic slab geometry of
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bulk) from the simulation involving only neutral atoms. (43,2 (Ag|O,Mg) layers for the oxygen-terminated interface
and (4|2,3) (Ag|O,Mg) for the magnesium-terminated inter-
Il. CHARGE-DENSITY CALCULATIONS face in theABCABcabcstacking sequence was applied to

keep the computation manageable. The forces on all ions

First-principles calculations were performed to calculatewere relaxed to <0.02eV/A using the
the charge distributiop(r) of {111} Ag—MgO interfaces. Broyden-Fletcher-Goldfarb-Sharfo?* procedure.
This was carried out using the software packagesTer The interface separation after the relaxation of the Ag
(Ref. 15 and pacapo (developed at CAMP, Lyngby, block across thg111} Ag-MgO interface was 1.55 A for
Denmark®). cAsTEP and DACAPO allow us to find the total the oxygen-terminated interfface and 2.20 A for the
energy, electron charge density, and electronic structure of magnesium-terminated interface. The interplanar spacing be-
system of electrons and classical nuclei in their ground stateyeen Ag layers in the bulk was 2.19 A. The free surface of
using ultrasoft pseudopotenti&lsind a basis of plane waves. the MgO side of the interface has an O or Mg lay€ig. 2)
In all our calculations, the cutoff energy of the plane-waveas required to keep global stoichiometric MgO. We distin-
basis set of 340 eV was taken. DFT within the local-densityguish here the concept of stoichiometry as applied to sur-
approximation(LDA) with the Perdew-Zunger exchange- faces and to whole slabs. Thus we refer to a slab as globally
correlation functionaf was applied incasTer and the  stoichiometric if it contains equal numbers of Mg and O
Perdew-Wang generalized gradient approximati@®&A)'®  atoms, whereas a surface is stoichiometric if it has no surface
was applied irDACAPO. This is in accordance with the gen- excess of Mg or O. For a MgQ@L11) surface to be stoichio-
erated Vanderbilt ultrasoft pseudopotentials in both DFTmetric it is necessary to remove half of the terminating plane
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<112> fer and electron redistribution at the interface the ionicity and
bonding in the bulk on both sides of the interface.

Ill. AB INITIO HRTEM IMAGE SIMULATION

The charge density calculated with the method described
in Sec. Il includes a spurious component in the core regions
of the atoms, due to the use of pseudopotentials. However,
since we are concerned with charge-density differences and
their effect on HRTEM simulations, the fixed core part of the
density is of no interest. The calculation of the projected
potential used for multislice HRTEM image simulations is
connected with the charge density via the twofold integration
of the Poisson equation in reciprocal space. The implemen-
tation of the charge-density differendg(r) is performed as
a correction term for the projected potential. This relation is
described as

FIG. 3. Schematic illustration of thé11l} Ag-MgO model
interface.

J Ap(nx,ny,n2) €™k Tdf

of Mg or O. The stoichiometric surface would also be charge -3
K? '

neutral if the ions carried their formal charges. Nonstoichio-
metric surfaces of ionic materials are sometimes referred to
as “polar” surfaces. For more details see Ref. 25. During thevhich demonstrates the splitting of the charge density into
calculation the dimensions of the supercell 23.55 Atwo parts for the calculation of the projected potentiék).
x5.144 AX 2.97 A and 24.97 A< 5.144 AX 2.97 A for the The Charge density)n,j denotes the Charge of nuc|ep$n-
oxygen and Mg-terminated interfaces were kept fixed. Comcjuding the electrons of the neutral atom on siteepre-
parison of calculated polg222} MgO-Cu interfaces with a sented by the electron scattering factors as described by
slab geometry 013,33) (Mg,0|Cu) layers in theABCabc  poyle and Turnérand the second term represents the cor-
stacking sequence an,55) (Mg,O|Cu) yielded similar  rection termAp(f). The charge-density differenckp(f) is
results?® Subsequently, the relaxed Ag coordinates with re-integrated over theAsTEP or DACAPO grid nx, ny, nz of the
spect to MgO were used as an input for the relaxation of &ypercell. The charge density differenag(f) was imple-
larger polar Ag-MgO model, keeping the coordinates of Mgmented as a correction term in the source code of the EMS
and O unchanged. Figure 3 shows the periodic slab geometgysyare packag? Note that in all HRTEM image simula-

of (7/4,3) (Ag|O,Mg) layers in theCABCABCabcabcatack-  tions the Debye-Waller factor and absorption coefficient
ing sequence without the presence of a vacuum. were set equal to zero.

In principle, the calculation holds for a multilayer. To €X-  The Fourier transformations automatically adapt the
tract the charge transfer across the interface and the electren stepor pacaro grid to the EMS grid. This method avoids
redistribution due to metal-oxide bonding the charge-densityhe need of interpolation of the charge density onto the EMS
difference must be calculated. This was performed withyriq 9 byt the accuracy is limited by the spatial frequency up
CASTEPin the following way: First, the charge density of the {5 which the charge-density calculations were carried out.
Ag-MgO interface was calculated. Afterwards the individual Neyertheless, the current approach accounts for nonspherical
slab calculation of MgO and Ag was carried out in the sam&omponents and redistribution of the charge density. Atomic
supercell by just removing for each case the block of AGtorm factors, which assume rotational symmetry of the

atoms or of MgO, respectively. In all calculations, the NUM-charge density of atoms, are thus not applied in the present
ber of k points and cutoff energy were kept constant. Theapproach.

calculated charge density of the Ag-MgO interface was sub-

tracted from sum of the charge densities of the Ag and MgQ, -o\ipaRISON BETWEEN AB INITIO AND STANDARD
slabs to obtain the charge density differenkg(r), which HRTEM SIMULATION

represents the charge redistribution due to the bonding across

Ag-MgO. The charge densityip(r) including the bonding We shall refer to image simulations based on first-
environment in the bulk was calculated usibgcaPo by  principles calculations of the charge density as initio
subtracting the charge density from the fully self-consistensimulations. These can now be compared with the image
calculation from the density given by the initial superim- contrast provided by a standard HRTEM simulation program,
posed charge densities of the individual atoms in the grouné.g., EMS with Doyle and Turner neutral atom scattering
state. ThenAp(r) includes besides the electron charge transfactors. In all cases, the EMS progréwas used to simulate

1)

nx,ny,nz
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FIG. 5. Charge-density difference Ap(r)=pag_mgo(F)
7 -, - ~[Pag neurel 1) *Prigo neuraf)] Of the Ag—MgO  interface (DA
capPo) referred to neutral atoms. The cross section of the contour
FIG. 4. Charge-density difference Ap(F)=pag-mgo(r) plot goes througlt0.5,0,0 to get a cross section of a Ag-O bond at
—[pag siad D) +pmgo siad$)] Of the Ag-MgO interface(cAsTeEP re-  the interface. The range +0e¥ A3 is chosen for a better visualiza-
ferred to self-consistent free surfaces. The cross section of the cotion. The actualAp values range from —0.243 to 0.383A3.
tour plot goes througli0.5,0,0 to get a cross section of a Ag-O

bond at the interface. The range +@/A® is chosen for a better A. {111} Ag—MgO interface (O-terminated)
visualization.  The actual Ap values range from
-1.026 to 0.45%/ A3, In the following, three different approaches to the image

simulation for{111} Ag-MgO interfaces will be evaluated:
(a) Standard HRTEM simulation using the Doyle-

the HRTEM images. The input parameters for the simulatedryrner scattering factor.
images Corl’espond to the ones of the JEOL 4000EX/Il in (b) Standard HRTEM simulation add|ng a correction
Groningen, operating at 400 kV with an information limit of term for the charge transfer and charge redistribution only at
1.4 A (spherical aberration coefficient, 0.97+0.02 mm; defo-the interface(CASTEP, i.e., referred to self-consistent free
cus spread, 7.8+1.4 nm; beam convergence half-angleyrfaces.
0.8 mrad. (c) Standard HRTEM simulation adding a correction

The ab initio HRTEM simulations of bulk MgO and sap-  term for caseb) and the ionicity in MgQ(DACAPO), i.e., the
phire included the ionic character of the bonding into thecharge redistribution is referred to neutral atoms.
projected potential®/(k) by augmenting the atomic charge  Contour plots of the charge-density differenthrough
densities with the self-consistent charge-density differenceg0.5,0,0 to get a cross section of a AgO bond reveal a
Inversion of the contrast of MgO in thd10 projection can  similar behavior of the charge redistribution at the interface,
be observed at the thicknegslefocug value of 71 A but as expected not for the bulk phagese Figs. 4 and)5
(=750 A) between the conventional simulation and the im-Figure 5 shows discontinuities near the core but actually this
age simulation corrected with the charge-density map. Theiscontinuity is not real. A plot range of +0e/ A2 is chosen
convergent beam electron diffraction techniq@BED) and  for better visualization of the charge density at the interface.
DFT calculation suggested previously that the charge densityhe higher electron densities0.1 e/A® are not depicted in
in MgO could be described as a superposition of sphericahe contour plots, but were included in the HRTEM correc-
Mg?* and G ions?® although we note that the numerical tion terms. Furthermore, since we are working with slabs,
values of ionic charge are not uniquely defined, and indeedne would not expect perfect fcc symmetry in the difference
the O ion is unstable in vacuum. This high degree of ion-charge density at Ag but that we do not see much evidence of
icity is presumably responsible for the reversal in contrast ireny violation of fcc symmetries to graphical accuracy at the
the HRTEM image simulation. By comparison, the incorpo-central Ag atoms in the cross section shown.
ration of the ionic environment in sapphire does not signifi- From the contour plots it is hardly possible to conclude
cantly change the simulated image based on neutral a&tams, about the character of bonding, e.g., if net charge transfer
result we reproduced. occurs. Calculation of the layer-projected densities of states
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@ O © thickness (A) 45 59 74 89

FIG. 7. HRTEM image simulation of Ag-MgO in thé&l10
viewing direction using a defocus value of —750A and thicknesses
of 45, 59, 74, and 84 A.

self-consistent free surfaces, determined with Mulliken
charge population analysis does not exceed @/BH8om,
which is in agreement with the polar Cu-MgO interf&€e.
AThe Mulliken charge analysis is used simply to give a quali-
tative comparison. It is generally recognized that measures of
reveals the occurrence of states in the band gap of Mg@harge transfer are arbitrary, and any method such as Mul-
whose intensity decays exponentially with increasing disdiken analysis is best used to describe trends, since the actual
tance from the metal-oxide interfaé®These are known as numbers will depend on the arbitrary basis set onto which
metal-induced gap staté®IGS). MIGS at the MgO side of the charge is projected. The MIGS at the oxide side should
the interface reduce the electron charge redistribution antde a general feature of any metal-oxide interface, as men-
charge transfer, due to the less ionic character of the intetioned in Ref. 2.
face. An additional effect of the MIGS is the reduction of the A set of HRTEM simulated images of th€111}
electrostatic potential shift. In contrast, considerable elecAg—MgO interface is shown in Figs. 6 and 7. The arrows in
tronegativity would indicate an ionic type of interface, but aFigs. 6 and 7 indicate the interface between the terminating
calculated layer-by-layer charge transfer, with respect to thexygen and silver layer. Figure 6 shows HRTEM simulations

FIG. 6. HRTEM image simulation of Ag-MgO in thé&l10)
viewing direction using defocus values -480, —600, and -720
and a thickness of 74 A.
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------- case b, CASTEP
e CASE €, DACAPO
case a, EMS
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FIG. 8. Line profiles of simulated images
across{111} Ag-MgO interface(O-terminategl
using a defocus value of =750 A and a thickness
of 74 A. These line profiles correspond to the
simulated images in the third through fourth of
Fig. 7.

relative gray scale value {a.u.)
P [+:]
o o

N
o

interface

0 2 4 6 8 10 12 14 16 18 20 22
position across {111} Ag-MgO interface (A)

for three different defocus values of 480, 600, and —720 Aline profiles correspond to the simulated images in the third
for caseqa), (b), and(c) with a constant thickness of 74 A. row of Fig. 7. The line profile of the corrected image simu-
Figure Ga) refers to the standard simulation with the Doyle- lation of casgc) shows that the contrast minima and maxima
Turner scattering factor without any correction term. Theare inverted compared with simulation of neutral Mj@se
scattering factors are used to describe neutral and sphericé@® and(b)], whereas in the bulk of Ag similar contrast be-
atoms. In Fig. €b) the standard simulation corrected with the havior is observed in all casgsee Fig. 8 Furthermore,
charge-density difference obtained withsTEP(see Sec. )| the terminating oxygen layewhen compared to the other
The subtraction of the charge density of the interface with
the individual slabs of Ag and MgQy just removing in the
first calculation MgO and second case)Agas performed
with a constant supercell dimension and cuttoff energy. This
means that the corrected HRTEM image in Fi@)éncludes e/A3
no bonding environment and ionic character of the bulk, but 0.160
the charge transfer and charge redistribution directly at the
interface. In Fig. €c) the standard simulation is corrected
with the charge density obtained witihcAPO (see Sec. L
This correction term includes the calculated correction term
in Fig. 6b) and additionally the bonding environment in the
bulk. This was performed by subtracting the fully self-
consistent calculation from the density given from the initial
charge of the individual atoms in the ground state. The simu-
lated HRTEM in Fig. 6c) is corrected with the charge den-
sity including the bonding environment and the charge redis-
tribution at the interface. The terminating oxygen monolayer
changes contrast among the three different cases; note espe-
cially that a difference exists between the contrast of the
standard HRTEM simulatioricase Fig. )] and the cor- -0.042%
rected HRTEM simulatiorisee case Fig.(6)] for a given
defocus value. Including the bonding of individual atoms in
the correction ternjcase(c)] the brightness is increased at
the terminating oxygen monolayer compared with the bright-
ness of the oxygen layers in the bulee Fig. 7, right col-
umn). For all defocus-thickness variations a contrast change
in the corrected HRTEM simulations in the outmost Ag layer
at the Ag-MgO interface is barely detectable. The electrons
on the metal side at the interface may screen any perturbation g, 9. Charge-density ~difference Ap(7)= pag—mgolF)
and inhibit a contrast change at the metal side of the_[pAg oadF) + prgo siaf )] OF the Ag-MgO interface. The cross
interface. section of the contour plot goes through.5,0,0 to get a cross
Line profiles of simulated images across tfiEl1l} Ag  section of an Ag-Mg bond at the interface. The range €JA3 is
-MgO interface (O-terminatedl using defocus value of chosen for a better visualization. The actdal values range from
-750 A and a thickness of 74 A are depicted in Fig. 8. The-0.1473 to 0.042%/A3.

06714

0.0143

- 143

0.0714

-0.100
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B. {111} Ag-MgO interface (Mg-terminated)

defoc“s (a) (b) (c) The same procedure was applied to the Mg-terminated

& ; 4 _‘f ; {111} Ag-MgO interface. A contour plot of the charge den-
sity difference througl{0.5,0,0 to get a cross section of an
Ag-Mg bond for casgb) (including only the charge redis-
tribution at the interfaceis displayed in Fig. 9. Figure 9
indicates that the charge redistribution in the terminating Ag
layer is less pronounced at the Mg-terminated layer than in
the case of an oxygen-terminated interfg€gy. 4). A set of
HRTEM simulated images is shown in Fig. 10 of an Mg-
terminated{111} Ag—MgO interface. The arrows in Fig. 10
indicate the interface between the terminating magnesium
and silver layer.

The line profile of the corrected image simulation of case
(c) shows that the contrast minima and maxima are inverted
compared with a simulation excluding the bonding environ-
ment of the bulk MgQcase(a) and(b)], whereas in the bulk
of Ag similar contrast behavior is observed in all cases, as
shown in Fig. 11. At the terminating Ag and Mg layers, the
contrast does not change significanttpmpare within Figs.

10 and 1). This is in agreement with the small charge redis-
tribution present at the Mg-terminat¢d11} Ag—MgO in-
terface compared with the corresponding O-terminated inter-
face (compare Fig. 4 versus Fig).9

V. DISCUSSION AND CONCLUSIONS

In the DFT plane-wave calculations, we have used the
LDA approximation(CASTEP code as well as the GGA ap-
proximation (DACAPO code, in accordance with the gener-
ated ultrasoft pseudopotentials used in both codes. Indeed we
have not analyzed the GGA versus LDA treatments of ex-
change and correlation to see which gives better results. To
do so would require a theory that is superior to both of them,
or sufficiently accurate experimental data. Unfortunately nei-
ther is currently available to us. We must be content at this
point to say that the two approaches give qualitatively simi-
lar results. As stated before, for reasons of consistency we
used the same exchange-correlation functional for the appli-

FIG. 10. HRTEM image simulation of a Mg-terminated Ag cations as was used to generate the component pseudopoten-
-MgO interface in thg110 viewing direction using defocus values tjg|s. Nevertheless, the point is that we need to work with
120 A and -750 A with a thickness of 74 A. The pangls (b), o different pseudopotentials, one generated with LDA, the
and(c) correspond to the defined correction terms, as described iiher with GGA, and this was achieved by using the two
Sec. V. different codes. This is purely a matter of convenience, and

no scientific issues seem to be at stake: both are plane-wave

i ) i - pseudopotential codes, so given the same pseudopotentials
oxygen layers in the bulkhas a much higher intensitys 54 the same exchange-correlation functional, they should
much brightey for case(c) than for casg@). This effectis  give identical results. Perhaps in an ideal world we would
similar to what is experimentally observed in Fig. 1. There ithave used the same basic code with modular implementa-
was earlier assumed to be an increased brightness on thgns of both GGA and LDA.
terminating Ag layer. According to the present calculations  Furthermore it should be stressed that in previous experi-
the first oxygen layer should particularly have a deviatingmental work we concentrated on the dislocation network
contrast. There is a large difference betwesxsTEP and  along semicoherent interfaces. Our reason for not consider-
DECAPQ, although each theory is taking into account the elecing the triangular network of dislocations, or any other net-
tron transfer. The origin of this difference lies in the fact thatwork of dislocations, is simply that we want to make image
two different definitions of electron transport are being con-simulations explicitly of the coherent patches between misfit
sidered, based on either neutral atoms as the starting point dislocations, for comparison of the electron density models
on free slabs of the Ag and MgO, so the usecaSTEPOr  with each other and with experimental data taken from such
DECAPQ, in this context is of secondary importance. coherent patches. It would be difficult to make image simu-
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case a, EMS

120+ case b, CASTEP
......... case ¢, DACAPO

2

FIG. 11. Line profiles of simulated images
across{111} Ag-MgO interface(Mg terminateql
using defocus value of -750 A and a thickness of
74 A. These line profiles correspond to the simu-
lated images in the right column of Fig. 10.

relative gray scale value (arb. units)

0 2 4 6 8 10 12 14 16 18 20 22
position across {111} Ag-MgO interface (A)

lations of the complete semicoherent interface, i.e., includinghe ionicity is not important for sapphire in HRTEM image
the misfit dislocations, because the periodicity of the supersimulations’ This was verified in the present work. It con-
cell, and hence the number of atoms required, would be veryradicts the findings of Stobbs and Stobbere the ionicity
large with only a 3% misfit—about 25 times larger than within sapphire seems to be important for HRTEM image simu-
the 15% misfit: lations. The chosen high defocus value of =750 A in most of

The MIGS diminish the ionic character of metal-oxide the HRTEM image simulationgFigs. 7-10 reflects the
bonding, resulting in less charge transfer and electrostatimaximum difference between the conventional HRTEM im-
potential shift at the interface. From the observed change iage simulatiorfDoyle and Turner scattering factéysind the
contrast between conventional aald initio HRTEM image  corrected HRTEM image simulation using first-principles
simulations it can be concluded that not only the ionicity andcalculations of the charge density redistributidkb initio
nonspherical atomic form factors in the slabs of pure oxideHRTEM image simulations on polgrl11} Ag-MgO inter-
but also the charge transfer between oxide and metal is infaces reveal significant differences in contrast compared with
portant. Some effort is necessary to calculate initio  conventional image simulations.
charge-density difference maps, but this is recovered by an At oxygen-terminated{111} Ag-MgO the bonding be-
increase in the reliability of quantitative image matching. Intween metal and oxide is responsible for the difference in
particular, the reliance on conventional HRTEM image simu-brightness at the interface comparing conventional ahd
lations of oxides can lead to a misinterpretation of the exdinito HRTEM image simulations. In contrast, the
perimental image. For instance, the estimated thickness olragnesium-terminated111} Ag-MgO interface shows no
tained with image matching of the experimental imagecontrast change between conventional abdnitio HRTEM
reveals that the calculated image is thinner using screendthage simulations. The enhanced contrast compared with the
potentials(incorporating the ionicity in HRTEM image simu- contrast in the bulk structure at the interface originates from
lationg than when using the neutral atom potentfahny  the position of the Ag atoms at the interface rather than from
HRTEM image simulation starts with the determination of bonding changes across the Ag-MgO interface. We include
atomic scattering factors to calculate the projected potentiatalculations for both the O-terminated and Mg-terminate in-
It should be pointed out that the scattering factors fromterfaces. Although it has been shown previotsihat the
Doyle and Turnef, parametrized as the sum of four Gauss-Mg-terminated interface is less favorable to adhesion than
ians, are only valid up to 2.0 nth This leads to an under- the oxygen-terminated interface, we would not rule out its
estimate of the scattering greater than 2.0hmbut a  existence under all conditions, for example if the ratio of Mg
400-kV high-resolution microscope with a resolution of to O activities were higher. From an experimental viewpoint
0.16 nm resolves scattering angles to about 10 mfad is should be realized that both terminations are feasible, de-
2.0 nnit is equivalent to 33 mrad at 400 kVOn the other pending on the partial pressure of oxygéi*
hand, the calculated atomic scattering factors from Bez
al.3! are quite similar to those of Doyle and Turf§eFhus,
we assume that the atomic scattering factors themselves are ACKNOWLEDGMENTS
not a source of error.
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